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2Cerro de la Estrella
Aquí los antiguos reibían al fuego
Aquí el fuego reaba al mundo
Al mediodía las piedras se abren omo frutos
El agua abre los párpados
La luz resbala por la piel del día
Gota inmensa donde el tiempo se reeja y se saia [. . .℄
Otavio Paz, "Libertad Bajo Palabra"
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Chapter 1
Introdution and Motivation
Although it is a theory of the utmost auray and suess, the Standard Model (SM) of
elementary partile physis annot desribe Nature up to arbitrarily high energy sales
and therefore is not the last answer on our way in unovering Nature's serets. Today
we look upon the SM as merely an eetive eld theory whih is desribed by a loal,
ausal quantum eld theory up to an energy sale yet unknown, but assumed to lie at
about 1015 GeV. Though all experimental data available today are in perfet agreement
with the desription of Nature by the Standard Model, there are some loose ends in
the framework of the SM from whih we mention just one, the so alled naturalness or
hierarhy problem. If the breaking of the eletroweak gauge symmetry is provided by
an elementary salar getting a vauum expetation value, the mass of that salar, the
Higgs boson, should be of the order of the eletroweak breaking sale. Typially, the
radiative orretions to the mass square of a salar are proportional to the square of
the energy sale at whih its quantum eld theory is embedded in a more fundamental
theory, andidates for whih being the Plank sale, a GUT or a string sale of the order
given above or higher. This is not the ase for fermions whih reeive only logarithmi
orretions. An immense ne tuning for the bare mass of the Higgs salar at the sale of
the more fundamental theory is therefore neessary to anel the quadrati ontributions
from the renormalization group ow. If we did not have these anellations, the natural
mass square of the Higgs salar at the eletroweak breaking sale would be of the order
of the square of the high sale; this is alled the naturalness problem. The hierarhy
problem means the sheer existene of the vast dierenes between the two energy sales.
A possible solution of the naturalness problem serves as the strongest motivation for
supersymmetry. Supersymmetry is a symmetry whih interhanges bosons and fermions
and ould therefore naturally explain the existene of light salars. In the supersymmet-
ri limit eah fermion loop ontributing to the quadratially divergent Higgs self-energy
is aompanied by a salar loop with the opposite sign. Furthermore the oupling
onstants are required to be equal by supersymmetry, hene the quadrati divergene
anels out and only the logarithmi survives. As a seond motivation we may mention
gauge oupling uniation whih is ompatible with urrent data only in supersym-
metri extensions of the Standard Model but not in the SM itself. Hene, in spite of
tehniolour models  theories where the Higgs is a omposite objet  and models with
extra dimensions (whether large or not) as ompetitors, supersymmetri extensions of
the SM are the most widely aepted of the hypothesized models beyond the Standard
Model.
After the rst supersymmetri models had been established in the early 1970s
7
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[1℄, phenomenology started and supersymmetri extensions of the SM have been on-
struted, e.g. see the reviews given in [2℄, [3℄. The simplest of these extensions is alled
the Minimal Supersymmetri Standard Model (MSSM), where the prediate minimal
stands for minimal eld ontent: Eah SM eld is embedded into a supereld where the
SM fermions are aompanied by salars, the gauge bosons by fermions, alled gauginos,
and the Higgs bosons also by fermioni superpartners. Moreover, the onstraint of being
supersymmetri fores the existene of at least two Higgs superelds, one with hyper-
harge +1 and one with hyperharge −1, to give mass to the up- as well as down-type
fermions; the appearane of two Higgs doublets is neessary also to avoid anomalies.
Therefore the predition of supersymmetry is the existene of superpartners for all
yet known SM partiles. Sine they are onstrained by SUSY to have the same masses
as the SM partiles but have not been observed yet, supersymmetry has to be broken.
Until today the mehanism of supersymmetry breaking is unknown, so we parameterize
our ignorane by the most general expliit breaking of supersymmetry, the so alled
soft breaking terms. They are motivated by the fat that SUSY has to be broken by a
whatsoever mehanism at a high sale, produing these expliit breaking terms by the
renormalization group evolution of all relevant operators ompatible with all symme-
tries. Though SUSY is a very simple onept and an enormously powerful symmetry,
in addition to the huge number of partiles, these soft breaking terms make the MSSM
tremendously ompliated as all partiles whih are by their quantum numbers allowed
to mix really do mix. Also the pure number of free parameters in the MSSM beomes
one order of magnitude higher as in the SM, namely 124 [4℄, or even, in a more general
version, 178 [3℄, [5℄.
Another issue is the inredible number of verties onsidering all Feynman rules of
the MSSM (f. tables B.3, B.4, B.5, B.6) and the sometimes very omplex struture
of the oupling onstants, [6℄, [7℄, and [5℄. There are some simplifying assumptions for
the struture of the oeients of the soft breaking terms (e.g. avour alignment or
universality) whih are motivated by supergravity embeddings of the MSSM, but need
not be fullled. One an steer a middle ourse as a ompromise for the model: as general
as possible, but as simple as neessary. We hoose oeients whih are diagonal in
generation spae (atually, the generation mixings must be very small not to ontradit
the experimental thresholds for violation of the separate lepton numbers Le, Lµ, Lτ )
but the diagonal elements need not be equal in ontrast to the prejudie given by the
universality onstraint. The number of verties in tables B.3, B.4, B.5 and B.6 has
been estimated under this assumption, but even as this is not the most omplex of the
minimal MSSMs, it has a disouraging number of more than four thousand verties.
Today's generation of running and planned olliders (Tevatron, LHC, and TESLA)
will bring the deision whih way Nature has hosen for eletroweak symmetry breaking
(f. e.g. [8℄). But even if a Higgs boson is deteted at one of the world's huge olliders
in the next years, it will not be easy to determine whether it is a standard, a minimal
supersymmetri, a next to minimal supersymmetri one [9℄, [10℄, [11℄, or something
else. For this, extensive knowledge about the alternatives to the SM must be available,
and besides the ubiquitous radiative orretions (within the SM, the MSSM and other
models), it is indispensable to alulate tree level proesses with up to eight partiles in
the nal state, as in highly energeti proesses (102 − 103 GeV for the olliders above)
the nal states are very omplex. (The interest in eight nal partiles omes from the
desire to study WW →WW sattering, the inlusion of the WWWW -vertex in eight-
fermion prodution proesses, prodution of tt¯-pairs and their deays as well as the
prodution of superpartners and SUSY asade deays.) Of ourse, suh alulations
9with 104−108 partiipating Feynman diagrams have to be done automatially by matrix
element generators like O'Mega [12℄. Alternative models to the SM have therefore to
be inorporated into suh matrix element generators as the SM was. The goal for the
next years will be to ompare possibly found experimental deviations from the SM
preditions with the theoretial results from alternative models like the MSSM.
As it soon beomes lear, the work is not done by simply writing a model le for
the MSSM to inorporate it in an matrix element generator like O'Mega. Sine the
omplexity of the model grows immensely from the SM to the MSSM (ompare tables
B.1-B.2 with tables B.3-B.6) it is inevitable to hek the onsisteny of suh models
like the MSSM. This is neessary for making sure that all parameters (masses, oupling
onstants, widths, et.) are ompatible with eah other, to debug omputer programs
(model les, numerial funtion library, et.), and not to forget, to have the numerial
stability under ontrol. Symmetry priniples whih have always been strong onepts
in physial theories provide suh tests for onsisteny heks here. The MSSM like the
SM has its SU(3)C × SU(2)L × U(1)Y gauge symmetry as a powerful tool for those
heks; what is often used is the independene of all physial results from the gauge
parameter ξ in general Rξ gauges. Our aim is to make use of the Ward, or better,
the Slavnov-Taylor identities of the gauge symmetry [13℄, [14℄, [15℄, [16℄. Both kinds of
identities originate from the quantum generalization of the symmetry priniple of the
lassial eld theory, the rst expressing urrent onservation and being only valuable
in the ase of global symmetries, the latter stemming from the BRST symmetry left
over after gauge xing.
In supersymmetri eld theories we an, of ourse, use supersymmetry as the under-
lying symmetry, and there, as long as we are not onerned with loal supersymmetry
(supergravity), we are able to employ Ward identities. As we will see for supersymmet-
ri gauge theories it is indispensable  even at tree level  to use the Slavnov-Taylor
identities. The stringeny of the onsisteny heks is also a drawbak: the relations
mentioned as vehiles for those tests are quite ompliated and involve a number of
sophistiated tehniques. As a rst and fundamental step, extensive knowledge about
Proess #
O'Mega
fusions
# Propagators # Diagrams
e+e− → χ˜01χ˜02 24 8 8
e+e− → e˜+1 e˜−1 27 9 9
e+e− → u˜1u˜∗1u˜1u˜∗1 346 41 660
e+e− → e+e−χ˜01χ˜02 610 60 1,552
e+e− → χ˜01χ˜02χ˜03χ˜04 782 66 2,208
e+e− → e˜+1 e˜−1 u˜1u˜∗1u˜1u˜∗1 4,002 153 141,486
e+e− → e+e−µ+µ−χ˜01χ˜02 4,389 172 239,518
e+e− → e+e−χ˜01χ˜02χ˜03χ˜04 11,870 280 1,056,810
e+e− → χ˜01χ˜01χ˜02χ˜02χ˜03χ˜04 17,075 322 2,191,845
e+e− → e+e−µ+µ−uu¯χ˜01χ˜02 23,272 434 50,285,616
e+e− → χ˜01χ˜01χ˜02χ˜02χ˜03χ˜03χ˜04χ˜04 273,950 1,370 470,267,024
Table 1.1: Juxtaposition of the number of Feynman diagrams and of O'Mega fusions
for some MSSM proesses at a linear ollider. By fusions we mean the fundamental
alulational steps for onstruting the amplitudes in O'Mega.
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how Ward- and Slavnov-Taylor identities for supersymmetri (gauge) eld theories work
analytially (in perturbation theory) has to be gained to use suh identities for numer-
ial heks. This will be the onern for the major part of this thesis; rst of all, the
investigation of the appliability (on-shell and/or o-shell, what kind of method for
whih model) of the several kinds of methods to be presented here, furthermore  and
even more important  to understand the way the anellations happen in these iden-
tities. The latter point is inevitable in deiding whih expressions to use in numerial
heks: expressions adjusted to the tehnial nature of anellations are likely to be
numerially more stable than those whih are not. A third and last issue then is to
transfer these analytial expressions to the matrix element generator and perform nu-
merial heks. Sine it is not possible to produe reliable theoretial preditions for
future experiments without having powerful onsisteny heks at hand, and sine suh
onsisteny heks annot be under (numerial) ontrol without a deeper understanding
of how they work analytially, the original intention of this work has hanged: from a
purely phenomenologial issue at the beginning  to implement realisti supersymmetri
models as alternatives to the Standard Model into the matrix element generatorO'Mega
 to a more theoretial one  to develop stringent tests as onsisteny heks for these
models and to understand their ne points in detail. We hope to have onvined the
reader that the latter is the sine qua non for the rst. Thus the main part of this thesis
is onerned with analytial perturbative alulations of three dierent kinds of iden-
tities within several models, to our knowledge never been done before. Let us briey
summarize the ontent of this thesis.
1.1 Struture and Content
After a short introdution to supersymmetry transformations, the main text is divided
into four parts, the rst showing a method to gain on-shell Ward identities for super-
symmetri eld theories originally invented in the late 1970s by Grisaru, Pendleton and
van Nieuwenhuizen but as far as we know this method has never been used diagram-
matially. We investigate that kind of Supersymmetri Ward Identities (SWI) for the
Wess-Zumino model and a more omplex toy model to unover some new eets. As
this formalism relies on the annihilation of the vauum by the superharge, it does
not work for spontaneously broken supersymmetry. We provide an example within the
framework of the O'Raifeartaigh model.
The seond part is onerned with SWI onstruted from Green funtions with one
urrent insertion and ontrated with the momentum brought into the Green funtion
by the urrent. At tree level these identities are fullled on-shell and o-shell. For the
latter the SWI are more ompliated due to the ontributions of several ontat terms
and provide more stringent tests than the on-shell identities. Examples are alulated
for the Wess-Zumino model, the toy model from part one and for the O'Raifeartaigh
model, as the supersymmetri urrent is still onserved for spontaneously broken SUSY.
It will be shown that this method does not work for supersymmetri gauge theories.
The explanation of this phenomenon then blends over to the next part.
There we introdue the BRST formalism for supersymmetri theories where super-
symmetry as a global symmetry is quantized with the help of onstant ghosts, [17℄,
[18℄. In order not to loud the intriaies by a huge amount of elds and diagrams,
we onstrut the simplest possible supersymmetri Abelian toy model. We summarize
the BRST transformations with inlusion of supersymmetry and translations and show
1.1. STRUCTURE AND CONTENT 11
several examples of supersymmetri Slavnov-Taylor identities in that toy model and
also in supersymmetri QCD.
In the last part we disuss the problems onerned with the implementation of su-
persymmetri models and the onsisteny heks mentioned above. Conneted with
supersymmetri eld theories is the appearene of Majorana fermions  real fermions 
whih are their own antipartiles. The solution of how to let the matrix element gen-
erator evaluate the signs oming from Fermi statistis without expanding the Feynman
diagrams is presented based on ideas in [19℄. Furthermore it is presented there how
one- and two-point verties arising together with the BRST formalism an be handled
within O'Mega, though their topologies are not ompatible with the way the amplitudes
are built by O'Mega. It is demonstrated that Slavnov-Taylor identities for gauge sym-
metries and supersymmetry an be done within the same framework. Finally we will
give an outlook of what remains to be done in that eld, possible generalizations and
improvements.
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Chapter 2
SUSY Transformations
2.1 Classial transformations
First of all, we want to summarize the supersymmetry transformations of lassial elds;
as a general referene for the basis of supersymmetry we mention the book of Julius
Wess and Jonathan Bagger, Supersymmetry and Supergravity [1℄. By ontration with
a fermioni (i.e. Grassmann odd) spinor transformation parameter we make the super-
harges bosoni
Q(ξ) ≡ ξQ+ ξ¯Q¯ (2.1)
The omponent elds of a hiral multiplet, the salar eld φ, the Weyl-spinor eld ψ and
the salar auxiliary eld F with dimension two undergo the following transformations
generated by the superharge Q(ξ) (f. the appendix as well)
δξφ =
√
2ξψ
δξψ = −i
√
2σµξ¯∂µφ+
√
2ξF
δξF = −i
√
2ξ¯σ¯µ∂µψ
(2.2)
Compared to the book of Wess/Bagger the relative signs in the last two transformations
have their origin in the dierent onvention for the metri used by Wess/Bagger. This
auses dierenes in the denition of the 4-vetor of the Pauli matries.
Beause Q(ξ) is real (Hermitean as a generator for quantum elds), the transfor-
mation properties of a eld imply the properties of the omplex onjugated eld. One
simply has to dene:
(δξΨ)
∗
= δξΨ
∗ , (2.3)
This is the natural hoie for a real generator. The relation will still be fullled in the
quantized alulus.
Better suited for our aim  appliation of SUSY transformations in a phenomeno-
logial partile physis ontext  will be a formulation of the transformation rules with
bispinors. Therefore we reformulate the transformations given above in this formalism.
We also split the lowest and the highest omponents of the superelds into their salar
and pseudosalar parts, alled hiral. This will prove useful later.
φ =
1√
2
(A+ iB) , F =
1√
2
(F − iG) . (2.4)
13
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The resulting transformations are:
δξA = ξψ,
δξB = iξγ
5ψ,
δξψ = −i/∂
(
A+ iγ5B
)
ξ +
(F + iγ5G) ξ,
δξF = −i ξ/∂ψ,
δξG = −ξ/∂γ5ψ.
(2.5)
In this list all spinors are understood as bispinors. For the translation of the funda-
mental omponent elds to the hiral elds we refer to setion 2.3.
2.2 SUSY transformations in Hilbert spae
The following disussion should prevent the onfusion with fators i and signs when
talking about SUSY transformations on the lassial level and in the ontext of quantum
eld theory. Classially we review the results of the last setion:
δξφ ≡
(
ξQ+ ξ¯Q¯
)
,
(
ξQ+ ξ¯Q¯
)∗
= ξQ+ ξ¯Q¯
δξφ
∗ = (δξφ)
∗
=
(
ξQ + ξ¯Q¯
)
φ∗ ,
(2.6)
wherein φ ould be a eld of any geometrial harater and any Grassmann parity.
In the quantum theory the transformation is represented by a unitary operator,
whih is reated by exponentiation of the superharge  now a Hermitean generator 
multiplied with i:
[iQ(ξ), φ] = δξφ (2.7)
Again φ is a eld (operator) of arbitrary geometrial harater and Grassmann parity.
Moreover, δξφ is the transformation of the lassial elds inorporated into Hilbert
spae, i.e. the lassial term, in whih the elds have been replaed by operators ating
in the Hilbert spae. For the Hermitean adjoint one nds:
[iQ(ξ), φ]
†
=
[
iQ(ξ), φ†
]
= (δξφ)
†
=⇒ [iQ(ξ), φ†] = (δξφ)† = δξφ†
(2.8)
There is no subtlety in dealing with fermioni elds here beause the rule for reversing
the order of Grassmann odd parameters lassially is translated to the rule for reversing
the order of eld operators when Hermitean adjoined  no matter whether they are
fermioni or bosoni. But one still has to take into aount that Grassmann odd las-
sial parameters like ξ and fermioni eld operators have to be reversed in order when
Hermitean adjoined.
Finally there is a simple rule for the embedding of the lassial transformations
into the quantum theory: Replae left multipliation with Q(ξ) by appliation of the
ommutator with iQ(ξ).
2.3. PROBLEMS WITH AUXILIARY FIELDS 15
2.3 General problems with auxiliary elds in super-
symmetri eld theories
As we will see, there is a possibility to implement SUSY Ward identities for theories
with exat supersymmetry and an S-matrix invariant under SUSY transformations, by
examining the transformation properties of the reation and annihilation operators of
in and out states. For the extration of the relations between amplitudes provided by
supersymmetry, (in this ansatz) asymptoti elds (f., for example, Kugo, [13℄) have
to be taken into aount. The only important parts of the asymptoti elds are the
one-partile poles, so we only have to keep those terms in the equations of motion of
the auxiliary elds F and D whih stem from the bilinear parts of the superpotential.
For example in the Wess-Zumino model we have:
F = −mφ∗ − 1
2
λ(φ∗)2
= − m√
2
(A− iB)− λ
4
(A− iB)2
!
=
1√
2
(F − iG)
(2.9)
Out of this we obtain the equations of motion for the auxiliary elds:
F = −mA− λ
2
√
2
(
A2 −B2)
G = −mB − λ√
2
AB
(2.10)
O-shell there is no distintion possible between elds and auxiliary elds. The
auxiliary elds are neessary to preserve the lemma stating that the number of bosoni
and fermioni degrees of freedom has to be equal. For physial proesses (with elds
on the mass shell) one has to insert the equations of motion for the auxiliary elds.
For the derivation of the S-matrix via the LSZ redution formula all one-partile poles
have to be aounted for. This implies further that in the equations of motion only
the one-partile poles have to be kept. In the MSSM these poles exlusively appear in
the mass terms (soft SUSY breaking terms) and the bilinear Higgs term, the latter also
generating masses.
2.4 SUSY transformations of quantum elds
Finally, we are able to write down the SUSY transformations in Hilbert spae for the
hiral supereld:
[iQ(ξ), A] = ξψ,
[iQ(ξ), B] = iξγ5ψ,
[iQ(ξ), ψ] = −i/∂ (A+ iγ5B) ξ + (F + iγ5G) ξ,
[iQ(ξ),F ] = −iξ/∂ψ,
[iQ(ξ),G] = −ξ/∂γ5ψ
(2.11)
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Taking into aount only the one-partile poles, e.g. in the Wess-Zumino model,
yields:
[iQ(ξ), A] = ξψ,
[iQ(ξ), B] = iξγ5ψ,
[iQ(ξ), ψ] = − (i/∂ +m) (A+ iγ5B) ξ
(2.12)
Part I
SUSY Ward identities for
asymptoti states
17

Chapter 3
SUSY Ward Identities [SWI℄ for
asymptoti elds
3.1 Consequenes of SUSY for S-matrix elements
In supersymmetri eld theories supersymmetry is a symmetry of the theory, meaning
that the S-operator ommutes with the superharges: [Q,S] = 0. Later on we will
see that in supersymmetri gauge theories the gauge xing required for quantization
breaks supersymmetry, with the result that the superharge no longer ommutes with
the S-operator on the omplete Hilbert spae but only with the S-operator on the
ohomology of the superharge [18℄. The S-operator maps the Hilbert spae basis of
asymptoti in states onto the one of the asymptoti out states. Therefore we immedi-
ately onlude that the in and out reation and annihilation operators have the same
algebra, i.e. ommutation relations with the superharge Q. Remember that we are
dealing at the moment with exat supersymmetry, so the vauum is invariant under
SUSY transformations and must be annihilated by the superharge:
Q |0〉 = 0. (3.1)
At this point we mention some ommon grounds and some dierenes of supersym-
metry and BRST symmetry. Both have in ommon that they are fermioni generators of
global symmetries of the theory (we do not treat supergravity and loal supersymmetry
here) so there are some similarities between them. BRST transformations leave many
more states of Hilbert spae invariant (namely all physial states) than supersymme-
try under whih only the vauum (and perhaps soliton solutions) are invariant. So for
onstruting relations between amplitudes of dierent proesses we are (in ase of super-
symmetry) left with on-shell relations between S-matrix amplitudes whereas in BRST
identities dierent o-shell Green funtions an be ompared. Later on we will bring
SUSY and BRST together and derive the most general identities for supersymmetri
gauge theories.
For the derivation of SWIs the following relation is the basi ingredient to start with:
0 =
〈
0
[
Q, aout1 . . . a
out
n a
† in
1 . . . a
† in
m
]
0
〉
=
∑
i
〈
0 aout1 . . .
[
Q, aouti
]
. . . 0
〉
+
∑
j
〈
0 aout1 . . .
[
Q, a† inj
]
. . . 0
〉
(3.2)
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It follows, of ourse, from the invariane of the vauum under SUSY transformations. So
starting with a string of reation operators diering in spin by half a unit from the spin
of the annihilation operators we get a sum of amplitudes for dierent proesses where
all inoming and outgoing partiles are SUSY transformed suessively. The reation
and annihilation operators needed in the SWI of that kind have to be extrated from
the eld operators. An explanation for the way this is done will be given in the next
setion.
3.2 Projeting out reation and annihilation operators
In this setion we only summarize the inverse Fourier transformations by whih the
reation and annihilation operators of exitations of a salar or fermioni quantum eld
an be projeted out with, following these presriptions:
a(k) = i
∫
d3~x eikx
↔
∂ t φ(x)
b(k, σ) =
∫
d3~x u(k, σ) γ0ψ(x)eikx
d†(k, σ) =
∫
d3~x v(k, σ) γ0ψ(x)e−ikx
(3.3)
In the rst line we made use of the famous abbreviation:(
a
↔
∂ µ b
)
≡ a(∂µb)− (∂µa)b.
In the ase of Majorana spinor elds, whih are important in supersymmetri eld
theories, the last two equations are idential. The veriation of (3.3) an be found in
appendix C.1.
3.3 Transformations of reation and annihilation op-
erators
As was disussed in the rst setion of this hapter for the derivation of the SWIs we
need the SUSY transformation properties of the reation and annihilation operators.
To derive them we go bak to the so alled hiral elds, φ and φ∗, whih are now
alled φ− and φ+. We write down their denitions again:
φ± ≡ 1√
2
(
A∓ iB
)
(3.4)
At this point, there is a dierene in the hoie of sign ompared to the work of Grisaru,
Pendleton and van Nieuwenhuizen [20℄.
Now we are  by the use of the SUSY transformations of the quantum elds and
projeting the reation and annihilation operators out of the eld operators  able to get
the SUSY transformations of the ladder operators. First we disuss the transformations
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of reation and annihilation operators of the hiral salar elds φ±, for whih the
notation a(†)(k, σ), σ ≡ ± is:
[Q(ξ), a(k, σ)] = i
∫
d3~x eikx
↔
∂ 0 [Q(ξ), φσ(x)]
= − 1√
2
∫
d3~x eikx
↔
∂ 0
(
ξ(1 + σγ5)ψ
)
=
i√
2
ξ(1 + σγ5)
∑
τ
b(k, τ)u(k, τ) (3.5)
We nd the transformation law
[Q(ξ), a(k, σ)] =
i√
2
ξ(1 + σγ5)
∑
τ
b(k, τ)u(k, τ) (3.6)
Consider a massless theory, where the spinors u(k, τ) und v(k, τ) are eigenstates of
the matrix γ5. We end up with the onise result:
[Q(ξ), a(k, σ)] =
√
2i ξu(k, σ) b(k, σ) (3.7)
Now we derive the transformation properties for the fermioni annihilation operators:
[Q(ξ), b(k, σ)] =
∫
d3~x u(k, σ)γ0 [Q(ξ), ψ(x)] eikx
= − iu(k, σ) (aA(k) + iγ5aB(k)) ξ, (3.8)
where we have used the spinor u's equation of motion:
u(p, σ) (/p−m) = 0. (3.9)
When using the hiral elds instead of the salar and pseudosalar ones, it follows:
[Q(ξ), b(k, σ)] = − i√
2
∑
τ
(
u(k, σ)
(
1− τγ5) ξ) a(k, τ) (3.10)
In the massless ase the bispinor is again an eigenstate of the hiral projetors, so we
nd:
[Q(ξ), b(k, σ)] = −
√
2iu(k, σ)ξa(k, σ). (3.11)
We will derive the latter result in a more general ontext following the disussion of
Grisaru and Pendleton [20℄ in setion 3.5.
3.4 Antiommutativity, Grassmann numbers and
Generators
There is a subtlety whih may easily be overlooked, but without it, it is not possible to
derive the SUSY transformations of the asymptoti reation operators.
For the quantization of eld theories inluding fermions, Grassmann elds are be-
ing used, i.e. spinor elds whose omponents are Grassmann odd. This is neessary
to fulll the demands of the fermions having Fermi-Dira statistis. Consider SUSY
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transformations whih ontain Grassmann odd onstant spinors (as ξ above). Those
parameters must antiommute with the Fermi elds. Consequently, spinor produts
normally being skew beome symmetri between Fermi elds or between a Fermi eld
and suh a Grassmann odd parameter (There are two signs when interhanging the
two spinors in the produt, one whih auses the skewness of the produt, namely the
ontration diretion of the spinor indies, but also another one from antiommuting
the Grassmann numbers (f. the appendix and [5℄)). In quantizing suh a theory, the
antiommutativity must be maintained when going from the lassial Fermi elds to the
eld operators. Beause  with the exeption of the reation and annihilation operators
(about whih one ould be tempted to assume that they only are responsible for the
antiommutativity of fermions on Hilbert spae)  there are only ommuting terms in
the eld operators, we have to dedue that the reation and annihilation operators for
fermions remain Grassmann odd with respet to lassial Grassmann numbers. This
means
{ξ, b(k, σ)} = {ξ, b†(k, σ)} = {ξ, d(k, σ)} = {ξ, d†(k, σ)} = 0, (3.12)
whih has noteworthy tehnial onsequenes.
What happens after taking the Hermitean adjoint of an equation like (3.6)? The
left hand side yields: (
[Q(ξ), a(k, σ)]
)†
= − [Q(ξ), a†(k, σ)] (3.13)
Again we used the Hermitiity of Q(ξ):
Q(ξ)† =
(
ξQ+ ξ¯Q¯
)†
= ξ¯Q¯+ ξQ = Q(ξ) (3.14)
On the right hand side of (3.6) it has been taken into aount that a Hermitean
adjoint for operators inludes omplex onjugation of ordinary numbers and Grassmann
numbers. The order of Grassmann numbers has to be reversed in omplex onjugation:
(g1g2 . . . gn)
∗ = g∗n . . . g
∗
2g
∗
1 gi Grassmann odd (3.15)
One therefore gets:(
i√
2
ξ
(
1 + σγ5
)∑
τ
u(k, τ)b(k, τ)
)†
= − i√
2
∑
τ
b†(k, τ)u†(k, τ)
(
1 + σγ5
)
γ0ξ
= − i√
2
∑
τ
b†(k, τ)u(k, τ)
(
1− σγ5) ξ
= +
i√
2
∑
τ
u(k, τ)
(
1− σγ5) ξ b†(k, τ)
(3.16)
In the last line we used (3.12). This nally produes the relation:
[
Q(ξ), a†(k, σ)
]
= − i√
2
∑
τ
u(k, τ)
(
1− σγ5) ξ b†(k, τ) . (3.17)
Altogether there are three signs: One due to the Hermitean adjoint of the ommuta-
tor, one by omplex onjugation of the expliit fator i and a third one due to the
antiommutativity of Fermi eld operators and Grassmann numbers.
Another important diulty about signs, related to the antiommutativity of Fermi
eld operators and Grassmann numbers, will be disussed in hapter 5.
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3.5 General derivation of the transformations
When translating the identities of that kind introdued in the rst setion of this hap-
ter into the graphial language of Feynman diagrams, we disover several subtleties
onerning signs (a trade mark of supersymmetry), whih seem to be onfusing at the
rst sight. We disuss these speialties using an example with two inoming and two
outgoing partiles. Here we have two in reation operators and two out annihilation
operators. With the abbreviation cσ(ki) instead of c(ki, σ) for c ≡ a, b this SWI reads:
0 =
〈
0
[
Q(ξ), aout− (k3)b
out
+ (k4)a
† in
− (k1)a
† in
− (k2)
]
0
〉
=
〈
0
[
Q(ξ), aout− (k3)
]
bout+ (k4)a
† in
− (k1)a
† in
− (k2) 0
〉
+
〈
0 aout− (k3)
[
Q(ξ), bout+ (k4)
]
a† in− (k1)a
† in
− (k2) 0
〉
+
〈
0 aout− (k3)b
out
+ (k4)
[
Q(ξ), a† in− (k1)
]
a† in− (k2) 0
〉
+
〈
0 aout− (k3)b
out
+ (k4)a
† in
− (k1)
[
Q(ξ), a† in− (k2)
]
0
〉
(3.18)
With the help of the relations (3.6), (3.10) and (3.17) this an be transformed into:
0 =
i√
2
∑
σ
〈
0
(
ξPLu(k3, σ)
)
boutσ (k3)b
out
+ (k4)a
† in
− (k1)a
† in
− (k2) 0
〉
− i√
2
〈
0 aout− (k3) (u(k4,+)PLξ) aout+ (k4)a† in− (k1)a† in− (k2) 0
〉
− i√
2
〈
0 a out− (k3) (u(k4,+)PRξ) aout− (k4)a† in− (k1)a† in− (k2) 0
〉
− i√
2
∑
σ
〈
0 aout− (k3)b
out
+ (k4) (u(k1, σ)PRξ) b† inσ (k1)a† in− (k2) 0
〉
− i√
2
∑
σ
〈
0 a out− (k3)b
out
+ (k4)a
† in
− (k1) (u(k2, σ)PRξ) b† inσ (k2) 0
〉
(3.19)
The sum in (3.10) has been split up so that there are ve terms now. To separate the
spinor bilinears produed by the SUSY transformations from the S-matrix elements,
we bring all these fators to the utmost left. Be aware of piking up a sign in the
last two lines by antiommuting the Grassmann odd spinor bilinear and the fermioni
annihilator. One ends up with
0 =
i√
2
∑
σ
(
ξPLu(k3, σ)
) 〈
0 boutσ (k3)b
out
+ (k4)a
† in
− (k1)a
† in
− (k2) 0
〉
− i√
2
(u(k4,+)PLξ)
〈
0 aout− (k3)a
out
+ (k4)a
† in
− (k1)a
† in
− (k2) 0
〉
− i√
2
(u(k4,+)PRξ)
〈
0 aout− (k3)a
out
− (k4)a
† in
− (k1)a
† in
− (k2) 0
〉
+
i√
2
∑
σ
(u(k1, σ)PRξ)
〈
0 aout− (k3)b
out
+ (k4)b
† in
σ (k1)a
† in
− (k2) 0
〉
+
i√
2
∑
σ
(u(k2, σ)PRξ)
〈
0 aout− (k3)b
out
+ (k4)a
† in
− (k1)b
† in
σ (k2) 0
〉
(3.20)
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There is yet another soure for produing signs, but it an only arise in the ontext
of Dira fermions  i.e. harged fermions. Antiommutation of fermioni annihilators
and/or reators due to the Wik theorem is the origin of these additional sign fators; we
will go into the details in hapter 5, whih deals with a model in whih Dira fermions
appear.
Now we want to revisit part of a general derivation of the SWIs in the formalism
originally written down by M.T. Grisaru and H.N. Pendleton used to derive heliity
seletion rules in gravitinograviton sattering [21℄. Beause the superharges ommute
with the momentum operator and hange the partiles' spin by half a unit, we an derive
the following relations for the in annihilators of partiles with spin j and hirality σ in
a supersymmetri theory:
[Q(ξ), aj(k, σ)] = ∆j(ξ, k, σ) · aj− 1
2
(k, σ),[
Q(ξ), aj− 1
2
(k, σ)
]
= ∆j− 1
2
(ξ, k, σ) · aj(k, σ).
(3.21)
The momentum operator has the form:
Pµ =
∑
σ
∫
d3~p pµ
(
a†j(p, σ)aj(p, σ) + a
†
j− 1
2
(p, σ)aj− 1
2
(p, σ)
)
. (3.22)
From the fat that the superharge and the momentum operator ommute, an equation
for the two unknown funtions ∆j , ∆j− 1
2
on the right hand side an be dedued
[Q(ξ), Pµ] =
∑
σ
∫
d3~p pµ
(
a†j(p, σ) [Q(ξ), aj(p, σ)] +
[
Q(ξ), a†j(p, σ)
]
aj(p, σ)
+ a†
j− 1
2
(p, σ)
[
Q(ξ), aj− 1
2
(p, σ)
]
+
[
Q(ξ), a†
j− 1
2
(p, σ)
]
aj− 1
2
(p, σ)
)
=
∑
σ
∫
d3~p pµ
(
a†j(p, σ)aj− 1
2
(p, σ)
(
∆j(ξ, p, σ)−∆∗j− 1
2
(ξ, p, σ)
)
+ a†
j− 1
2
(p, σ)aj(p, σ)
(
∆j− 1
2
(ξ, p, σ)−∆∗j (ξ, p, σ)
))
!
= 0
=⇒ ∆j− 1
2
(ξ, p, σ) = ∆∗j (ξ, p, σ)
(3.23)
Dening ∆j ≡ ∆ (3.21) reads
[Q(ξ), aj(k, σ)] = ∆(ξ, k, σ) · aj− 1
2
(k, σ),[
Q(ξ), aj− 1
2
(k, σ)
]
= ∆∗(ξ, k, σ) · aj(k, σ)
, (3.24)
to be ompared with (3.7) and (3.11).
More relations an be gained from the Jaobi identity:
[[Q(ξ), Q(ζ)] , aj(k, σ)] + [[Q(ζ), aj(k, σ)] , Q(ξ)] + [[aj(k, σ), Q(ξ)] , Q(ζ)] = 0 (3.25)
This implies the equation:
∆(ζ, k, σ) ·∆∗(ξ, k, σ)−∆(ξ, k, σ) ·∆∗(ζ, k, σ) = 2ξ/kζ . (3.26)
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As is shown in [21℄, the expliit form of these funtions an be found in the ontext
of speial models. In the last setion we derived them diretly by projeting out the
annihilators from the eld operators. In a general model this proedure an beome
arbitrarily ompliated, espeially if one has a nondiagonal metri on the spae of states
or if unphysial modes are involved.
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Chapter 4
The Wess-Zumino Model
We want to test the SUSY Ward identities of the kind derived in the last hapter for the
Wess-Zumino (WZ) model. This is the simplest supersymmetri eld theoreti model
with just one supereld but the most general renormalizable superpotential. For details
about the model, the partile ontent and the Feynman rules see appendix E.1.
4.1 SWI for the WZ model
We an use the formula (3.2) derived in the last hapter to hek SWI in the WZ
model. The starting point  similar to the derivation of the Slavnov-Taylor identities
 is a string of eld operators with half integer spin, whih only by appliation of the
symmetry generator (here the superharge), beomes a physially possible (in partiular
non-vanishing) amplitude. First, we have to translate the formulae from the previous
hapter to the physial elds of the WZ model  by this we mean the real and imaginary
part of the omplex salar eld φ or the salar and pseudosalar part, respetively.
To get the transformation properties of annihilators and reators of the real part A
of the omplex salar eld φ one has to set the term proportional to γ5 in equation (3.6)
equal to zero and to multiply the result by
√
2. For the imaginary part B one has to
set the term proportional to unity equal to zero, to set σ equal to one and multiply the
result by a fator
√
2i. This results in:
[Q(ξ), aA(k)] = i
∑
σ
ξu(k, σ)b(k, σ) (4.1)
[Q(ξ), aB(k)] = −
∑
σ
ξγ5u(k, σ)b(k, σ) . (4.2)
For the transformation law of the fermion annihilator it sues to use (3.8),
[Q(ξ), b(k, σ)] = −iu(k, σ)
(
aA(k) + iγ
5aB(k)
)
ξ . (4.3)
As an example, we take a transformation of a produt of an in reation operator for
one A and one B eld, and out annihilators for an A eld and a Majorana fermion of
27
28 CHAPTER 4. THE WESS-ZUMINO MODEL
positive heliity. We therefore write relation (3.2) in the form
0
!
=
〈
0
[
Q(ξ), aoutA (k3)b
out(k4,+)a
† in
A (k1)a
† in
B (k2)
]
0
〉
=
〈
0 aoutA (k3)b
out(k4,+)a
† in
A (k1)
[
Q(ξ), a† inB (k2)
]
0
〉
+
〈
0 aoutA (k3)b
out(k4,+)
[
Q(ξ), a† inA (k1)
]
a† inB (k2) 0
〉
+
〈
0 aoutA (k3)
[
Q(ξ), bout(k4,+)
]
a† inA (k1)a
† in
B (k2) 0
〉
+
〈
0
[
Q(ξ), aoutA (k3)
]
bout(k4,+)a
† in
A (k1)a
† in
B (k2) 0
〉
(4.4)
This seems to relate the amplitudes of four dierent physial proesses. But as the
transformation of a fermioni annihilator produes a linear ombination of annihilators
for the salar and pseudosalar elds, A and B, respetively, we get indeed ve dierent
proesses (here we adopt the onvention that proesses only diering by the heliity of
a fermion are ounted as one proess).
0
!
= −
∑
σ
u(k2, σ)γ
5ξ
〈
0 aoutA (k3)b
out(k4,+)a
† in
A (k1)b
† in(k2, σ) 0
〉
+ i
∑
σ
u(k1, σ)ξ
〈
0 aoutA (k3)b
out(k4,+)b
† in(k1, σ)a
† in
B (k2) 0
〉
− i u(k4,+)ξ
〈
0 aoutA (k3)a
out
A (k4)a
† in
A (k1)a
† in
B (k2) 0
〉
+ u(k4,+)γ
5ξ
〈
0 aoutA (k3)a
out
B (k4)a
† in
A (k1)a
† in
B (k2) 0
〉
+ i
∑
σ
ξu(k3, σ)
〈
0 bout(k3, σ)b
out(k4,+)a
† in
A (k1)a
† in
B (k2) 0
〉
(4.5)
Note the double sign arising in the last two lines  as explained in setion 3.1  oming
from a relative sign between the transformation properties of a reation and an annihi-
lation operator and one from equation (3.17). With the help of the relation for S-matrix
elements and amplitudes, whih e.g. an be read o from [22℄, p. 105,
〈q1 . . . qn S p1 . . . pm〉
onn.
=
iM(p1, . . . , pm −→ q1, . . . , qn) (2π)4δ4
( m∑
i=1
pi −
n∑
j=1
qj
)
, (4.6)
equation (4.5) an immediately be transferred into Feynman diagrams (omitting the
overall fator i and also the delta funtion for global momentum onservation):
0
!
= −
∑
σ
u(k2, σ)γ
5ξ ·M(A(k1)Ψ(k2, σ) −→ A(k3)Ψ(k4,+))
+ i
∑
σ
u(k1, σ)ξ ·M(Ψ(k1, σ)B(k2) −→ A(k3)Ψ(k4,+))
− iu(k4,+)ξ · M(A(k1)B(k2) −→ A(k3)A(k4))
+ u(k4,+)γ
5ξ · M(A(k1)B(k2) −→ A(k3)B(k4))
+ i
∑
σ
ξu(k3, σ) ·M(A(k1)B(k2) −→ Ψ(k3, σ)Ψ(k4,+)) .
(4.7)
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Diagrammatially we an write down the following expression:
0 = −
∑
σ
u(k2, σ)γ
5ξ ·

 + +


+ i
∑
σ
u(k1, σ)ξ ·

 + +

 + 0
+ u(k4,+)γ
5ξ ·

 + + +


+ i
∑
σ
ξu(k3, σ) ·

 + +


(4.8)
For the alulation of the amplitudes it is useful to introdue the Mandelstam vari-
ables,
s = (k1 + k2)
2 = (k3 + k4)
2 , (4.9)
t = (k3 − k1)2 = (k4 − k2)2 , (4.10)
u = (k4 − k1)2 = (k3 − k2)2 . (4.11)
The expliit analytial expressions for diagrams in whih only salar (or pseu-
dosalar) partiles are involved are easily found and work in the same manner as in
φ4 theory or the Standard Model. For the diagrams with Majorana fermions the Feyn-
man rules for general fermions worked out by Denner et al. [19℄ are needed.
The terms in braes yield the following analytial expressions, in the rst line of
(4.8)
− iλ
2
2
u(k4,+)
(
3m
t−m2 +
/k1 + /k2 +m
s−m2 +
/k2 − /k3 +m
u−m2
)
u(k2, σ) , (4.12)
in the seond line
−λ
2
2
u(k4,+)
(
mγ5
u−m2 +
(/k1 + /k2 +m)γ
5
s−m2 +
γ5(/k1 − /k3 +m)
t−m2
)
u(k1, σ) . (4.13)
The diagrams in the third line add up to
− iλ
2
2
(
3m2
t−m2 +
m2
s−m2 +
m2
u−m2 + 1
)
, (4.14)
and nally in the last line of (4.8):
−λ
2
2
u(k4,+)
(
mγ5
s−m2 +
γ5(/k4 − /k2 +m)
t−m2 +
(/k4 − /k1 +m)γ5
u−m2
)
v(k3, σ) . (4.15)
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It proves to be more onvenient for further simpliation  remember that we still
have to multiply the prefators from equation (4.8)  to modify the analytial expression
for the diagrams in the last line. To apply the spin summation formula∑
σ
u(p, σ)u(p, σ) = /p+m (4.16)
we reverse the alulational diretion of the Majorana fermion line for the last proess.
How this works is explained in detail in [19℄. The result looks like
+
λ2
2
u(k3, σ)
(
mγ5
s−m2 +
(/k3 − /k1 +m)γ5
t−m2 +
γ5(/k3 − /k2 +m)
u−m2
)
v(k4,+) , (4.17)
with the hange in sign oming from the antisymmetry of the harge onjugation ma-
trix. There are no additional signs from the verties beause all ouplings are salar or
pseudosalar (f. again [19℄). It is important to keep trak of the momenta's signs in
the fermion propagators.
Equation (4.8) now has the form:
0
!
=
iλ2
2
u(k4,+)
(
3m
t−m2 +
/k1 + /k2 +m
s−m2 +
/k2 − /k3 +m
u−m2
)
(/k2 +m)γ
5ξ
− iλ
2
2
u(k4,+)
(
mγ5
u−m2 +
(/k1 + /k2 +m)γ
5
s−m2 +
γ5(/k1 − /k3 +m)
t−m2
)
(/k1 +m)ξ
− iλ
2
2
u(k4,+)
(
3m2
t−m2 +
m2
s−m2 +
m2
u−m2 + 1
)
γ5ξ
+
iλ2
2
ξ(/k3 +m)
(
mγ5
s−m2 +
(/k3 − /k1 +m)γ5
t−m2 +
γ5(/k3 − /k2 +m)
u−m2
)
v(k4,+)
(4.18)
We divide everything by the ommon fator
iλ2
2 . To ahieve the same struture for all
four ontributions we reverse the fermion line in the last proess a seond time to arrive
at
0
!
=
u(k4,+)
(
3m
t−m2 +
/k1 + /k2 +m
s−m2 +
/k2 − /k3 +m
u−m2
)
(/k2 +m)γ
5ξ
− u(k4,+)
(
mγ5
u−m2 +
(/k1 + /k2 +m)γ
5
s−m2 +
γ5(/k1 − /k3 +m)
t−m2
)
(/k1 +m)ξ
− u(k4,+)
(
3m2
t−m2 +
m2
s−m2 +
m2
u−m2 + 1
)
γ5ξ
− u(k4,+)
(
mγ5
s−m2 +
γ5(/k4 − /k2 +m)
t−m2 +
(/k4 − /k1 +m)γ5
u−m2
)
(−/k3 +m)ξ
(4.19)
The terms proportional to m2 in the rst and third row anel and we are left with:
0
!
= u(k4,+)
[
3m/k2
t−m2 +
(/k1 + /k2)(/k2 +m) +m/k2
s−m2 +
(/k2 − /k3)(/k2 +m) +m/k2
u−m2
+
m(/k1 −m)
u−m2 +
(/k1 + /k2 +m)(/k1 −m)
s−m2
4.2. JACOBI IDENTITIES FOR THE WZ MODEL 31
− (/k1 − /k3 −m)(/k1 −m)
t−m2 − 1−
m(/k3 +m)
s−m2
+
(/k4 − /k2 −m)(/k3 +m)
t−m2 −
(/k4 − /k1 +m)(/k3 +m)
u−m2
]
γ5ξ (4.20)
Considering the terms proportional to (t−m2)−1 and applying the Dira equation,
u(k4,+) (/k4 −m) = 0 , (4.21)
and momentum onservation
k1 + k2 = k3 + k4 , (4.22)
one gets
(t−m2)−1
[
3m/k2 + /k2(/k1 −m)− /k2(/k3 +m)
]
= (t−m2)−1
[
m/k2 + /k2(/k1 − /k3)
]
= (t−m2)−1
[
/k4/k2 + /k2/k4 −m2
]
= (t−m2)−1
[
2(k2k4)−m2
]
= (t−m2)−1(−t+m2)
= − 1 (4.23)
The terms proportional to (s−m2)−1 add up to
(s−m2)−1
[
/k1/k2 +m
2 +m(/k1 + /k2) +m/k2 + /k2/k1 −m/k2 −m/k3 −m2
]
= (s−m2)−1
[
/k1/k2 + /k2/k1 +m(/k1 + /k2 − /k3)
]
= (s−m2)−1
[
2(k1k2) +m
2
]
= (s−m2)−1(s−m2)
= + 1, (4.24)
while the remaining u terms yield:
(u−m2)−1
[
m/k2 +m
2 −m/k3 − /k3/k2 +m/k2 +m/k1 −m2 − /k2/k3 −m/k2
]
= (u−m2)−1
[
−/k2/k3 − /k3/k2 +m(/k1 + /k2 − /k3)
]
= (u−m2)−1
[
−2(k2k3) +m2
]
= (u−m2)−1(u−m2)
= + 1 . (4.25)
So nally all terms add up to zero and the SWI is fullled.
4.2 Jaobi identities for the WZ model
An important possibility to test the onsisteny of the SWI themselves is to hek
whether the Jaobi identities for the appearing operators, i.e. the superharge and the
annihilation and reation operators for the partiles, are valid.
In the sequel we frequently will use the properties of Grassmann odd bilinears under
the exhange of the two spinors. These an e.g. be found in [5℄ (f. also appendix A.3):
ηΓξ =
{
+ξΓη für Γ = 1, γ5, γ5γµ
−ξΓη für Γ = γµ, [γµ, γν] (4.26)
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There is no ompliation in proving the Jaobi identities for the salar annihilation
operators:
−
[
[Q(ξ), Q(η)] , aA(k)
]
!
=
[
[Q(η), aA(k)] , Q(ξ)
]
+
[
[aA(k), Q(ξ)] , Q(η)
]
(4.27)
For the left hand side we have
LHS (4.27) = − [2ξ /Pη, aA(k)] = +2 (ξ/kη) aA(k) .
The right hand side results in
RHS (4.27) = − i
∑
σ
ηu(k, σ) [Q(ξ), b(k, σ)]− (ξ ↔ η)
= −
∑
σ
ηu(k, σ)u(k, σ)
(
aA(k) + iγ
5aB(k)
)
ξ − (ξ ↔ η)
= − η (/k +m)
(
aA(k) + iγ
5aB(k)
)
ξ − (ξ ↔ η)
= − (η/kξ)aA(k) + (ξ/kη)aA(k) = 2(ξ/kη)aA(k) √
The alulation for the annihilator of the pseudosalar partile B is analogous, the only
dierene being the appearane of γ5, whih lets the parts ontaining aA vanish and
those with aB remain.
−
[
[Q(ξ), Q(η)] , aB(k)
]
=
[
[Q(η), aB(k)] , Q(ξ)
]
+
[
[aB(k), Q(ξ)] , Q(η)
]
(4.28)
LHS (4.28) = − [2ξ /Pη, aB(k)] = +2 (ξ/kη) aB(k)
RHS (4.28) = +
∑
σ
ηγ5u(k, σ) [Q(ξ), b(k, σ)]− (ξ ↔ η)
= − i
∑
σ
ηγ5u(k, σ)u(k, σ)
(
aA(k) + iγ
5aB(k)
)
ξ − (ξ ↔ η)
= − iηγ5 (/k +m)
(
aA(k) + iγ
5aB(k)
)
ξ − (ξ ↔ η)
= − (η/kξ)aB(k) + (ξ/kη)aB(k) = 2(ξ/kη)aB(k)
√
A more ompliated task is the alulation of the Jaobi identity for the fermion
annihilators. We are fored to use the Fierz transformations, the Gordon identity and
all other formulae for spinors needed before. First of all the Jaobi identity has, of
ourse, the same form as usual:
−
[
[Q(ξ), Q(η)] , b(k, σ)
]
!
=
[
[Q(η), b(k, σ)] , Q(ξ)
]
+
[
[b(k, σ), Q(ξ)] , Q(η)
]
(4.29)
For the momentum operator on the left hand side one has to insert only the part of the
partile number operators of the fermions, whih yields
LHS (4.29) = − [2ξ /Pη, b(k, σ)] = +2 (ξ/kη) b(k, σ) .
The right hand side an be manipulated in the following way:
RHS (4.29) = + iu(k, σ)
(
[Q(ξ), aA(k)] + iγ
5 [Q(ξ), aB(k)]
)
η − (ξ ↔ η)
= −
∑
τ
(u(k, σ)η)(ξu(k, τ))b(k, τ)
+
∑
τ
(u(k, σ)γ5η)(ξγ5u(k, τ))b(k, τ) − (ξ ↔ η)
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To alulate these produts of spinor bilinears we have to use the Fierz identities
to be found in appendix C.2 as well as e.g. in [23℄. For arbitrary ommuting spinors
λi, i = 1, . . . , 4 we therefore introdue these abbreviations:
s(4, 2; 3, 1) = (λ4λ2) (λ3λ1)
v(4, 2; 3, 1) = (λ4γ
µλ2) (λ3γµλ1)
t(4, 2; 3, 1) =
1
2
(λ4σ
µνλ2) (λ3σµνλ1)
a(4, 2; 3, 1) = (λ4γ
5γµλ2) (λ3γµγ
5λ1)
p(4, 2; 3, 1) = (λ4γ
5λ2) (λ3γ
5λ1)
(4.30)
The salar and pseudosalar ombinations (take are of the sign whih has to be
aounted for in ase of spinors 2 and 3 being Grassmann odd!) give us the following
relations:
s(4, 2; 3, 1) = −1
4
(
s(4, 1; 3, 2) + v(4, 1; 3, 2) + t(4, 1; 3, 2) + a(4, 1; 3, 2) + p(4, 1; 3, 2)
)
(4.31)
p(4, 2; 3, 1) = −1
4
(
s(4, 1; 3, 2)− v(4, 1; 3, 2) + t(4, 1; 3, 2)− a(4, 1; 3, 2) + p(4, 1; 3, 2)
)
(4.32)
Due to equation (4.26) the salar, the pseudosalar and the pseudovetor are sym-
metri under interhange of the two Grassmann odd spinors, hene after subtrating
the exhange term (ξ ↔ η) these ontributions vanish. The salar and pseudosalar
ombination appear on the right hand side of equation (4.29) with dierent signs, so the
tensorial part of the equation anels. Only the vetor ontribution remains four times
(salar/pseudosalar and a fator two by adding the exhange term), so we have
RHS (4.29) = +
∑
τ
(u(k, σ)γµu(k, τ))
(
ξγµη
)
b(k, τ) (4.33)
Finally the Gordon identity (f. e.g. [23℄, eq. (2.54))
u(p, σ)γµu(p′, τ) =
1
2m
u(p, σ)
(
(p+ p′)µ + iσµν(p− p′)ν
)
u(p′, τ) (4.34)
for idential momenta p = p′ ≡ k is used, that is why the seond term vanishes. With
the normalization of the Dira spinors
u(k, σ)u(k, τ) = 2mδστ (4.35)
the polarization sum over τ ollapses and we end up with the desired result
RHS (4.29) = +2
(
ξ/kη
)
b(k, σ) .
√
(4.36)
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Chapter 5
A toy model
5.1 General remarks
To study the eets stemming from mixings of omponent elds from dierent super-
elds  independent of the diulty of spontaneous breakdown of supersymmetry as
in the O'Raifeartaigh model  we onsider another toy model. It onsists of two su-
perelds, a mass term and a trilinear oupling. Like for the WZ model we summarize
details about the model and the derivation of the Feynman rules in appendix E.2.
5.2 SUSY transformations of Dira spinors
The main dierene between this toy model and the WZ model is the problem of diag-
onalizing the mass terms whih arise by the existene of more than one (at least two as
here) superelds. By fusing a left- and a righthanded Weyl spinor from dierent super-
elds (not onneted through Hermitean adjoint) a Dira bispinor has been onstruted.
Moreover there is the problem of lashing arrows in Feynman diagrams, i.e. verties
with apparently inompatible diretions of the fermion lines. More aurately this means
the appearane of two fermions or two antifermions attahed to a vertex in suh mod-
els. This may happen if quadrati terms of superelds, whose fermioni omponents are
ombined into Dira spinors, appear in the trilinear part of the superpotential. Another
possibility is within the kineti terms of the vetor superelds in the Lagrangean density
of supersymmetri gauge theories if their fermioni omponents are ombined into Dira
fermions together with the Weyl omponents of hiral matter superelds, as is the ase
for the harginos in the MSSM.
First of all we want to derive the SUSY transformations of the salar annihilators,
in analogy to the alulations in hapter 3. The mode expansions of the harged salar
elds  the salar omponent elds of the seond supereld  are as follows
φ(x) =
∫
d3~p
(2π)32E
(
a−(p)e−ipx + a
†
+(p)e
+ipx
)
φ∗(x) =
∫
d3~p
(2π)32E
(
a+(p)e
−ipx + a†−(p)e
+ipx
) (5.1)
Analogously, the projetion onto the two dierent annihilators results in
a−(k) = i
∫
d3~x eikx
↔
∂ t φ(x), a+(k) = i
∫
d3~x
↔
∂ t φ
∗(x) (5.2)
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This enables us to write down the transformation laws of the annihilators.
[Q(ξ), a+(k)] = i
∫
d3~x eikx
↔
∂ t [Q(ξ), φ
∗(x)]
= −
√
2
∫
d3~x eikx
↔
∂ t
(
ξPRχ2(x)
)
Here and in the sequel χ1 and χ2 are the Majorana bispinors whih ould be built of
the fermioni omponent elds of the rst and the seond supereld,
χ1 =
(
ψ1
ψ¯1
)
, χ2 =
(
ψ2
ψ¯2
)
. (5.3)
With the denition of the Dira eld (E.17) we are able to express the righthanded
Majorana eld in terms of the Dira eld:
Ψ =
(
ψ1
ψ¯2
)
= PLχ1 + PRχ2 =⇒ PRχ2 = PRΨ (5.4)
Inserting this in the above equation and performing a alulation in the same manner
as in hapter 3 one nally gets the relation
[Q(ξ), a+(k)] = i
√
2
∑
σ
(
ξPRu(k, σ)
)
b(k, σ) (5.5)
Trying to proeed analogously for the annihilator a−(k) reveals a problem,
[Q(ξ), a−(k)] = i
∫
d3~x eikx
↔
∂ t [Q(ξ), φ(x)]
= −
√
2
∫
d3~x eikx
↔
∂ t
(
ξPLχ2(x)
)
,
whih onsists of an impossibility  at rst look  to express the lefthanded Majorana
eld built of the spinor omponents of the seond supereld in terms of the omponents
of the Dira eld. The solution is to pass over to the harge onjugated Dira eld,
Ψc ≡ CΨT =
(
ψ2
ψ¯1
)
=⇒ PLχ2 = PLΨc , (5.6)
with the harge onjugation matrix C. Remembering the mode expansion of the harge
onjugated eld operator,
Ψc(x) =
∫
d3~p
(2π)32E
∑
σ
(
u(p, σ)d(p, σ)e−ipx + v(p, σ)b†(p, σ)eipx
)
, (5.7)
the result for the SUSY transformation of the antifermion annihilator is found:
[Q(ξ), a−(k)] = i
√
2
∑
σ
(
ξPLu(k, σ)
)
d(k, σ) (5.8)
How to projet the annihilation operators out of the salar omponent elds is well
known by now:
aA(k) = i
∫
d3~x eikx
↔
∂ t A(x)
aB(k) = i
∫
d3~x eikx
↔
∂ t B(x).
(5.9)
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The derivation of the transformation laws is at rst idential to those of the annihilators
a+(k) and a−(k):
[Q(ξ), aA(k)] = i
∫
d3~x eikx
↔
∂ t [Q(ξ), A(x)]
= −
∫
d3~x eikx
↔
∂ t
(
ξχ1
)
[Q(ξ), aB(k)] = i
∫
d3~x eikx
↔
∂ t [Q(ξ), B(x)]
= − i
∫
d3~x eikx
↔
∂ t
(
ξγ5χ1
)
The dierene to the salar elds of the seond supereld is, that now the whole Majo-
rana spinor elds and not only the left- or righthanded parts are present. In onsequene,
the Dira spinor eld and its harge onjugate both appear in the transformation laws
for aA(k) and aB(k) aording to the expansion
χ1 =
(
ψ1
ψ¯1
)
=
(
ψ1
0
)
+
(
0
ψ¯1
)
= PLΨ+ PRΨc (5.10)
After inserting the above we arrive at the nal form of the transformation laws for
aA(k) and aB(k), whih yield linear ombinations of the Dira fermion's partile and
antipartile annihilation operators:
[Q(ξ), aA(k)] = i
∑
σ
((
ξPLu(k, σ)
)
b(k, σ) +
(
ξPRu(k, σ)
)
d(k, σ)
)
[Q(ξ), aB(k)] =
∑
σ
((
ξPLu(k, σ)
)
b(k, σ)− (ξPRu(k, σ)) d(k, σ)
)
(5.11)
Remark: If the annihilators b(k, σ) and d(k, σ) are idential we have a real, i.e. a
Majorana fermion and the equations (5.11) are redued to the relations (4.1) and (4.2).
For the hiral salar elds φ and φ∗ the same is true if we identify b and d and form
the linear ombinations (
√
2)−1 (φ+ φ∗) and (i
√
2)−1 (φ− φ∗), respetively. Hene the
generalization of the Wess-Zumino model for Dira fermions is onsistent.
Deriving the SUSY transformations of the fermioni annihilators is more ompli-
ated. We must be aware of the fat that the Dira bispinor eld is omposed from the
Weyl spinor eld ψ1 as its lefthanded omponent and from the Weyl spinor eld ψ¯2 as
its righthanded omponent. Only these two hiral elds appear (we did not onstrut
a Majorana bispinor eld of the omponent elds ψ1/2 and ψ¯1/2 from the rst hiral
supereld or from the seond supereld, respetively) whih means that here we only
have to onsider the transformations of the omponents of the lefthiral supereld Φˆ1
and the righthiral supereld Φˆ†2 and not of their Hermitean adjoints. Everything is
onsistent and hirality is onserved. Going bak to the roots, the transformation laws
are:
[Q(ξ),PLχ1] = PL [Q(ξ), χ1] = − iPL(i/∂)
(
A+ iγ5B
)
ξ + i
√
2F1PLξ
→ − i(i/∂)PR
(
A+ iγ5B
)
ξ − im
√
2φ∗PLξ
= − i(i/∂) (A+ iB)PRξ − im
√
2φ∗PLξ
(5.12)
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In the seond line we inserted the equation of motion for the auxiliary eld F1 and took
the one-partile pole for the asymptoti elds of the theory. By the same method one
gets for the righthanded fermion eld of the seond supereld
[Q(ξ),PRχ2] = PR [Q(ξ), χ2] = − iPR(i/∂)
√
2 (PRφ+ PLφ∗) ξ + i
√
2F ∗2PRξ
→ − i(i/∂)
√
2PL (PRφ+ PLφ∗) ξ − im (A+ iB)PRξ
= − i(i/∂)
√
2φ∗PLξ − im (A+ iB)PRξ .
(5.13)
Here, for inserting the poles of the asymptoti elds into the equation of motion for
the auxiliary eld F2, it is important to note that for the SUSY transformation of
the lefthanded Weyl spinor eld the auxiliary eld is multiplied with the lefthanded
Grassmann spinor ξ, whereas for the transformation of the righthanded Weyl spinor
eld we have the omplex onjugated auxiliary eld multiplied by the righthanded
Grassmann spinor ξ¯ (f. hapter 1, and [5℄, [3℄, [1℄).
Combining the two transformation laws (5.12) and (5.13) one reahes
[Q(ξ),Ψ] = PL [Q(ξ), χ1] + PR [Q(ξ), χ2]
= − i(i/∂ +m) (A+ iB)PRξ − i(i/∂ +m)
√
2φ∗ PLξ
(5.14)
With the help of the equations (3.3) from hapter 3 we are able to dedue the
SUSY transformations of the asymptoti annihilation operators (and as a by-produt
also those for the reation operators). The alulations are analogous to those in (3.8)
so that the positive-frequeny part (the one with the annihilators) remains.
[Q(ξ), b(k, σ)] =
∫
d3~xu(k, σ)γ0eikx [Q(ξ),Ψ(x)]
= − i
∫
d3~xu(k, σ)γ0eikx(i/∂ +m) (A+ iB)PRξ
− i
∫
d3~xu(k, σ)γ0eikx(i/∂ +m)
√
2φ∗ PLξ
This implies:
[Q(ξ), b(k, σ)] = −iu(k, σ)
(
aA(k)PR + iaB(k)PR +
√
2a+(k)PL
)
ξ (5.15)
Finally, we reonsider in detail the alulation for the antifermion reator on whih
originally is projeted, wherein we use the notation k = (E,~k) und k˜ = (E,−~k):
[
Q(ξ), d†(k, σ)
]
=
∫
d3~x v(k, σ)γ0e−ikx [Q(ξ),Ψ(x)]
= − i
∫
d3~x v(k, σ)γ0e−ikx(i/∂ +m) (A+ iB)PRξ
− i
∫
d3~x v(k, σ)γ0e−ikx(i/∂ +m)
√
2φ∗ PLξ
= − i
∫
d3~x d3~p
(2π)32E
v(k, σ)γ0
(
(/p+m) (aA(p) + iaB(p)) e
−i(k+p)x
− (/p−m)
(
a†A(p) + ia
†
B(p)
)
ei(p−k)x
)
PRξ
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− i
√
2
∫
d3~x d3~p
(2π)32E
v(k, σ)γ0
(
(/p+m) a+(p)e
−i(k+p)x
− (/p−m) a†−(p)ei(k−p)x
)
PLξ
= − i
2E
v(k, σ)γ0
(
(/˜k +m)
(
aA(k˜) + iaB(k˜)
)
− (/k −m)
(
a†A(k) + ia
†
B(k)
))
PRξ
−
√
2i
2E
v(k, σ)γ0
(
(/˜k +m) a+(k˜)− (/k −m) a†−(k)
)
PLξ
= − i
2E
v(k, σ)
(
(/k +m) γ0
(
aA(k˜) + iaB(k˜)
)
+
(−2Eγ0 + /k +m) γ0 (a†A(k) + ia†B(k)))PRξ
−
√
2i
2E
v(k, σ)
(
(/k +m) γ0a+(k˜) +
(−2Eγ0 + /k +m) γ0a†−(k))PLξ
= + iv(k, σ)
(
a†A(k)PR + ia†B(k)PR +
√
2a†−(k)PL
)
ξ
In the last line we used the Dira equation in the form v(k, σ) (/k +m) = 0. Complex
onjugation hanges this result into
[Q(ξ), d(k, σ)] = +iξ
(
aA(k)PL − iaB(k)PL +
√
2a−(k)PR
)
v(k, σ).
Reversing the alulational diretion of the fermion line with respet to the Feynman
rules [19℄ (this way of speaking originates from hanging the alulational diretions of
fermion lines in diagrams and refers to the property of fermion bilinears summarized in
appendix A.3) gives rise to the nal result:
[Q(ξ), d(k, σ)] = −iu(k, σ)
(
aA(k)PL − iaB(k)PL +
√
2a−(k)PR
)
ξ (5.16)
5.3 A ross-hek: Jaobi identities
The Jaobi identities for this toy model are mostly in omplete analogy to the Jaobi
identities for the WZ model, but there are some ne points whih have to be handled
arefully. So we show the alulations in detail here.
The Jaobi identity has the standard struture:
−
[
[Q(ξ), Q(η)] , aA(k)
]
=
[
[Q(η), aA(k)] , Q(ξ)
]
+
[
[aA(k), Q(ξ)] , Q(η)
]
(5.17)
Up to now it is well known how to manipulate the left hand side
LHS (5.17) = +2
(
ξ/kη
)
aA(k) (5.18)
There are more steps to take on the right hand side ompared to the ase of the WZ
model and they are a little bit more omplex, too,
RHS (5.17) = i
∑
σ
(ηPLu(k, σ)) [b(k, σ), Q(ξ)]
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+ i
∑
σ
(ηPRu(k, σ)) [d(k, σ), Q(ξ)] − (ξ ↔ η)
= − ηPL (/k +m)
(
aA(k)PR + iaB(k)PR +
√
2PLa+(k)
)
ξ
− ηPR (/k +m)
(
aA(k)PL − iaB(k)PL +
√
2PRa−(k)
)
ξ − (ξ ↔ η)
= − (ηPL/kξ) aA(k)− i (ηPL/kξ) aB(k)−
√
2m (ηPLξ) a+(k)
− (ηPR/kξ) aA(k) + i (ηPR/kξ) aB(k)−
√
2m (ηPRξ) a+(k)− (ξ ↔ η)
= + 2
(
ξ/kη
)
aA(k)
√
In the seond equation we used the polarization sum for the Dira spinors u(k, σ), in the
third equation the antiommutativity of γ5 with the other gamma matries and nally,
in the fourth equation, we made use of the identity (4.26), whih, after subtrating the
term (ξ ↔ η), fores the salar and pseudosalar parts to vanish so that only the vetor
ontribution with the annihilator a(k, σ) remains.
The alulation for the annihilation operator of the pseudosalar partile, aB(k), is
almost ompletely analogous.
What about the annihilators of the hiral salar elds, i.e. the omponent elds
from the seond supermultiplet? The dierene lies only in the ommutator of the
superharge with the annihilator now produing either the fermion or the antifermion
annihilator. In partiular,
−
[
[Q(ξ), Q(η)] , a+(k)
]
=
[
[Q(η), a+(k)] , Q(ξ)
]
+
[
[a+(k), Q(ξ)] , Q(η)
]
, (5.19)
−
[
[Q(ξ), Q(η)] , a−(k)
]
=
[
[Q(η), a−(k)] , Q(ξ)
]
+
[
[a−(k), Q(ξ)] , Q(η)
]
. (5.20)
The left hand sides look as usual,
LHS (5.19) = +2
(
ξ/kη
)
a+(k), LHS (5.20) = +2
(
ξ/kη
)
a−(k) .
No problems show up for the right hand sides:
RHS (5.19) = i
∑
σ
(ηPRu(k, σ)) [b(k, σ), Q(ξ)]− (ξ ↔ η)
= −
√
2ηPR (/k +m)
(
aA(k)PR + iaB(k)PR +
√
2a+(k)PL
)
ξ − (ξ ↔ η)
= −
√
2m (ηPRξ) aA(k)−
√
2 im (ηPRξ) aB(k)
− 2 (ηPR/kξ) a+(k)− (ξ ↔ η)
= + 2
(
ξ/kη
)
a+(k)
√
,
RHS (5.20) = i
∑
σ
(ηPLu(k, σ)) [d(k, σ), Q(ξ)] − (ξ ↔ η)
= −
√
2ηPL (/k +m)
(
aA(k)PL − iaB(k)PL +
√
2a−(k)PR
)
ξ − (ξ ↔ η)
= −
√
2m (ηPLξ) aA(k) +
√
2 im (ηPLξ) aB(k)
− 2 (ηPL/kξ) a−(k)− (ξ ↔ η)
= + 2
(
ξ/kη
)
a−(k)
√
,
where the last line again follows from (4.26).
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There is nothing new about the Jaobi identities of the fermion annihilation opera-
tors, but for the sake of ompleteness, we list the alulations here, too. Again we have
the standard struture
−
[
[Q(ξ), Q(η)] , b(k, σ)
]
=
[
[Q(η), b(k, σ)] , Q(ξ)
]
+
[
[b(k, σ), Q(ξ)] , Q(η)
]
(5.21)
−
[
[Q(ξ), Q(η)] , d(k, σ)
]
=
[
[Q(η), d(k, σ)] , Q(ξ)
]
+
[
[d(k, σ), Q(ξ)] , Q(η)
]
(5.22)
The left hand sides are:
LHS (5.21) = +2
(
ξ/kη
)
b(k, σ) ,
LHS (5.22) = +2
(
ξ/kη
)
d(k, σ) .
For the right hand side we nd
RHS (5.21) = − iu(k, σ)
(
[aA(k), Q(ξ)]PR + i [aB(k), Q(ξ)]PR
+
√
2 [a+(k), Q(ξ)]PL
)
− (ξ ↔ η)
= −
∑
τ
(u(k, σ)PRη)
(
ξPLu(k, τ)b(k, τ) + ξPRu(k, τ)d(k, τ)
)
−
∑
τ
(u(k, σ)PRη)
(
ξPLu(k, τ)b(k, τ)− ξPRu(k, τ)d(k, τ)
)
− 2
∑
τ
(u(k, σ)PLη)
(
ξPRu(k, τ)
)
b(k, τ) − (ξ ↔ η)
Obviously the ontributions of the antifermion annihilators anel out. In this al-
ulation, by multiplying out the hiral spinor bilinears, one gets the same salar and
pseudosalar terms as for the Jaobi identity for the fermion annihilator of the WZ
model (4.29), so we an use that earlier result.
RHS (5.21) = − 2
∑
τ
(
(u(k, σ)PRη)
(
ξPLu(k, τ)
)
+ (u(k, σ)PLη)
(
ξPRu(k, τ)
))
b(k, τ)− (ξ ↔ η)
= −
∑
τ
(u(k, σ)η)
(
ξu(k, τ)
)
b(k, τ)
+
∑
τ
(
u(k, σ)γ5η
) (
ξγ5u(k, τ)
)
b(k, τ)− (ξ ↔ η)
= + 2
(
ξ/kη
)
b(k, σ)
√
The alulation for d(k, σ) is analogous.
5.4 Wik theorem and plenty of signs
Another point of utmost importane appears whenever harged fermions ome into
play: We have to take are of relative signs between amplitudes belonging to dierent
proesses in the same SWI. This is due to the Wik theorem, with the signs stemming
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from disentangling the ontrations of the interation operators of Yukawa type ΨΨφ.
To illuminate this further, we want to show an example onsidering the SWI:
0 =
〈
0
[
Q(ξ), aoutA (k3)d
out(k4,+)a
in †
A (k1)a
in †
A (k2)
]
0
〉
(5.23)
This produes a relation between the following proesses of the diagrammatial form
(for the verties and propagators see appendix E.2):
0 = (−1)· i
∑
σ
(
ξPLu(k3, σ)
) ·

 + +


− iu(k4,+)PLξ ·

 + + +


+ (−1)· i
∑
σ
(u(k1, σ)PLξ) ·

 + +


+ (−1)· i
∑
σ
(u(k2, σ)PLξ) ·

 + +


(5.24)
Here we have omitted several proesses giving vanishing ontributions, AA → AB,
AA → Aφ(∗), AA → ΨΨ and AΨ → AΨ. At rst glane, the signs in boxes might
seem totally arbitrary, but an be veried by the Wik theorem. Before proving this
statement we show that without these signs the SWI would indeed not be valid.
The alulation for the SWI is prinipally analogous to similar alulations in hapter
4 done within the WZ model. Thus we may omit the details here. No diulties arise
as we an swith diretly from analytial Feynman rules to diagrams. We use the
polarization sum of Dira spinors and the hange of sign, but not of hirality, when
reversing a fermion line, [19℄,
−i (u(k4,+)PLξ) = +i
(
ξPLv(k4,+)
)
. (5.25)
The rst proess A(k1)A(k2) → Ψ(k3, σ)Ψ(k4,+) yields, after multipliation with
its prefator and performing the polarization sum,
− 2g2 ξPL
(
3m (/k3 +m)
s−m2 +
(/k3 +m) (/k3 − /k2 +m)
t−m2
+
(/k3 +m) (/k3 − /k1 +m)
u−m2
)
v(k4,+) . (5.26)
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For the purely salar proessA(k1)A(k2)→ A(k3)A(k4) we have to reverse a fermion
line (i.e. the spinorial prefator) as mentioned above
+6g2 ξPL
(
3m2
s−m2 +
3m2
t−m2 +
3m2
u−m2 + 1
)
v(k4,+) . (5.27)
The sattering A(k1)Ψ(k2, σ) → A(k3)Ψ(k4,+) of the salar partile and the an-
tifermion sums up to give the amplitude as follows:
− 2g2 ξPL
(−3m (/k2 −m)
u−m2 +
(/k2 −m) (/k1 + /k2 −m)
s−m2
+
(/k2 −m) (/k2 − /k3 −m)
t−m2
)
v(k4,+) (5.28)
With the help of the substitutions k1 ↔ k2 and t ↔ u we get the amplitude for the
remaining fourth proess Ψ(k1, σ)A(k2)→ A(k3)Ψ(k4,+).
Summing up the amplitudes of these four proesses with the appropriate prefators
gives zero. The alulation is totally idential to the orresponding one done in the WZ
model. Now it is obvious that the three added signs are neessary for the SWI to be
fullled. But where do they ome from?
Take a look at the rst proess as an S-matrix element:〈
0 bout(k3, σ)d
out(k4,+)a
in †
A (k1)a
in †
A (k2) 0
〉
(5.29)
When examining the three diagrams in the rst line of (5.24), the following expression
arises, where we suppress the momentum and spin arguments as well as the in and out
labels,
〈0|b d (ΨΨA)(AAA)a†a†|0〉 = (−1) · 〈0|b(ΨΨdA)(AAA)a†a†|0〉
To disentangle the ontration lines we had to antiommute the fermion annihilation
operators. We used the onventional notations for ontrations
A(x)A(y) =
∫
d4p
(2π)4
e−ip(x−y)
i
p2 −m2 + iǫ
〈0| d(p, σ)Ψ = v(p, σ)
A a† |0〉 = 1
. . . . . .
Using them, we an orretly onvert the Feynman rules into analytial expressions. By
means of this antiommutation, a sign emerges. One is easily onvined that the SWI
with a fermion in the nal state instead of an antifermion does not need this antiom-
mutation. Due to the reversed order of the two fermion annihilation operators, no suh
sign arises in that ase. After a short alulation we nd that the two other diagrams
ontributing to the proess onsidered above pik up signs by the same mehanism,
whereas this would not be the ase if the two diagrams ontained the fermion instead
of the antifermion annihilator in the S-matrix element.
The struture of these signs an be understood with the help of [19℄, on top of
page 4. From there we an read o the sign of an S-matrix element to be (−1)P+L+V ,
where L is the number of losed fermion loops, P is the parity of the permutation of
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asymptoti annihilators and reators after having disentangled the fermion lines, and V
is the number of inoming and outgoing antifermions. We do only deal with tree level
diagrams here, so the number of loops always is zero and no sign is produed by them.
The signs stemming from the permutation of the ladder operators are the same as those
between the dierent ontributions from s- and t-hannel in Bhabha sattering. We
had already taken them into aount for the WZ model. While we had only Majorana
fermions there and ould have ontrated the eld operators in an arbitrary way with
the ladder operators for external partiles, the fat that we now have to handle Dira
fermions and the sign problem onneted with the existene of antifermions disussed
in [19℄ is a new topi arising within our toy model. The signs in boxes in (5.24) are due
to this eet.
Beause we need some additional tehniques for alulating an SWI for (2 → 2)-
proesses, we show a detailed alulation here, starting with three fermions. In that
ase verties with lashing arrows will appear. This is examplied with
0
!
=
〈
0
[
Q(ξ), aoutA (k3)b
out(k4,+)b
in †(k1,+)din †(k2,−)
]
0
〉
. (5.30)
For the rst proess, Ψ(k1,+)Ψ(k2,−)→ Ψ(k3, σ)Ψ(k4,+), ve diagrams ontribute,
+ + − − (5.31)
The relative sign of the third diagram (ontaining the lashing arrows) has to be deter-
mined arefully from the Wik theorem and depends on the position of the fermion lines
relative to eah other. More signs possibly arise here, depending on the alulational
diretions of the fermion lines as explained in [19℄; this an happen, if it is neessary
to antiommute the two fermion eld operators in the interation terms. Nevertheless
this is ompensated (f. again [19℄) by additional signs produed at the gamma matries
attahed to the verties, giving the same result. For the last two diagrams the relative
signs, too, stem from the Wik theorem and an be understood as belonging to exhange
diagrams in the same manner as for Bhabha sattering. The positive sign of the third
diagram an be seen as belonging to a u-hannel, as the u-hannel diagram has a rela-
tive sign with respet to the t-hannel diagrams but not to the s-hannel diagrams as in
quantum eletrodynamis (Of ourse, without Feynman number violating verties it is
not possible to have s-, t- and u-hannel diagrams there). But the global sign (whih is
indispensable for omparison with the other proesses ontributing to the SWI) is only
alulable with the Wik theorem. For more ompliated proesses it is inevitable to
use the Wik theorem to get the orret signs. Fortunately, as will be disussed later,
it is possible to do this in a way ompatible with the O'Mega fatorization proedure.
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The ve diagrams give, together with all signs and after summing over the spin σ:
1. proess, (5.31) = 4g2
{
1
s−m2
(
m (v(k2,−)PLu(k1,+)) (u(k4,+)PRξ)
− (v(k2,−)PRu(k1,+)) (u(k4,+)/k3PRξ)
)
+
1
t−m2
(
(u(k4,+)PRu(k1,+)) (v(k2,−)/k3PRξ)
−m (u(k4,+)PLu(k1,+)) (v(k2,−)PRξ)
)
− 1
u−m2 (u(k4,+)PRu(k2,−)) (v(k1,+)/k3PRξ)
}
The seond proess is deomposed into the two separate parts Ψ(k1,+)Ψ(k2,−)→
A(k3)A(k4),
+ + (5.32)
as well as Ψ(k1,+)Ψ(k2,−)→ A(k3)B(k4):
+ + (5.33)
It is not diult to derive the analytial expressions. For (5.32) we get
−2g2 v(k2,−)
(
3m
s−m2 +
/k1 − /k3 +m
u−m2 +
/k1 − /k4 +m
t−m2
)
u(k1,+) (u(k4,+)PRξ) ,
and for (5.33):
−2g2 v(k2,−)
(
m
s−m2 −
/k1 − /k3 −m
u−m2 +
/k1 − /k4 +m
t−m2
)
γ5u(k1,+) (u(k4,+)PRξ)
SUSY transforming the antifermion in the initial state again gives rise to two dierent
proesses, Ψ(k1,+)A(k2)→ A(k3)Ψ(k4,+),
+ + (5.34)
and Ψ(k1,+)B(k2)→ A(k3)Ψ(k4,+):
+ + (5.35)
The orresponding terms are:
2g2 u(k4,+)
(
3m
t−m2 +
/k1 + /k2 +m
s−m2 +
/k1 − /k3 +m
u−m2
)
u(k1,+) (v(k2,−)PRξ) ,
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2g2 u(k4,+)
(
m
t−m2 −
/k1 − /k3 −m
u−m2 +
/k1 + /k2 +m
s−m2
)
γ5u(k1,+) (v(k2,−)PRξ) .
There still remains to perform the SUSY transformation of the fermion in the initial
state with the diagrams of the proess φ∗(k1)Ψ(k2,−)→ A(k3)Ψ(k4,+):
+ + (5.36)
The relative (and, again, the global sign) of the seond diagram results from the Wik
theorem (here we only show the fermion ontrations expliitly):
(−1)2 · 〈0|a b (ΨΨcφ∗)(ΨcΨcA) a† d†|0〉 (5.37)
The trik in this alulation is to disentangle the ontrations by rewriting the seond
interation operator,
ΨΨA ≡ ΨΓΨA = (ΨΓΨA)T = (−1) ·ΨTC−1 (CΓC−1)ΨcA ≡ (−1)2 ·ΨcΨcA ,
beause in this model only salar, pseudosalar or hiral salar ouplings appear that
are invariant (i.e. their gamma matries) under the harge onjugation transformation.
One of the additional signs is due to the antiommutation of the Fermi eld operators
when transposing, the other stems from the relations
CΨT = Ψc, ΨTC−1 = −Ψc . (5.38)
The sum of the last three diagrams results in:
− 4g2 · u(k4,+)
(
/k1 + /k2 +m
s−m2 PR − PR
/k1 − /k4 −m
t−m2
+
2m
u−m2PR
)
u(k2,−) (v(k1,+)PRξ) .
Now we sum up the ontributions of the several proesses of this SWI separately for
eah of the reation hannels. A ommon prefator 2g2 is suppressed in the following.
s-hannel ∝ 2m(v(k2,−)PLu(k1,+))(u(k4,+)PRξ)
− 2(v(k2,−)PRu(k1,+))(u(k4,+)/k3PRξ)
− 3m(v(k2,−)u(k1,+))(u(k4,+)PRξ)
−m(v(k2,−)γ5u(k1,+))(u(k4,+)PRξ)
+
(
u(k4,+)(/k1 + /k2 +m)u(k1,+)
)(
v(k2,−)PRξ
)
+
(
u(k4,+)(/k1 + /k2 +m)γ
5u(k1,+)
)(
v(k2,−)PRξ
)
− 2(u(k4,+)(/k1 + /k2 +m)PRu(k2,−))(v(k1,+)PRξ)
(5.39)
t-hannel ∝ 2(u(k4,+)PRu(k1,+))(v(k2,−)/k3PRξ)
− 2m(u(k4,+)PLu(k1,+))(v(k2,−)PRξ)
− (v(k2,−)(/k1 − /k4 +m)u(k1,+))(u(k4,+)PRξ)
− (v(k2,−)(/k1 − /k4 +m)γ5u(k1,+))(u(k4,+)PRξ)
+ 3m
(
u(k4,+)u(k1,+)
)(
v(k2,−)PRξ
)
+m
(
u(k4,+)γ
5u(k1,+)
)(
v(k2,−)PRξ
)
+ 2
(
u(k4,+)PR(/k1 − /k4 −m)u(k2,−)
)(
v(k1,+)PRξ
)
(5.40)
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u-hannel ∝ − 2(u(k4,+)PRu(k2,−))(v(k1,+)/k3PRξ)
− (v(k2,−)(/k1 − /k3 +m)u(k1,+))(u(k4,+)PRξ)
+
(
v(k2,−)(/k1 − /k3 −m)γ5u(k1,+)
)(
u(k4,+)PRξ
)
+
(
u(k4,+)(/k1 − /k3 +m)u(k1,+)
)(
v(k2,−)PRξ
)
− (u(k4,+)(/k1 − /k3 −m)γ5u(k1,+))(v(k2,−)PRξ)
− 4m(u(k4,+)PRu(k2,−))(v(k1,+)PRξ)
(5.41)
The rst, third and fourth line of (5.39) an be ombined to give
−4m(v2PRu1)(u4PRξ)
(in the sequel we abbreviate u(k1,+) by u1 et.). Adding the seond line from equation
(5.39), we arrive at
−2(v2PRu1)(u4 (/k3 + 2m)PRξ) . (5.42)
Adding the fth and sixth line of (5.39) yields
2
(
v2PRξ
)(
u4 (/k1 + /k2 +m)PRu1
)
. (5.43)
Applying the Fierz identities, we bring this expression and also the term of the last
line in (5.39) into the form of (5.42). In the following alulation we use the notation
k12 ≡ k1 + k2. The brakets indiate our fundamental spinors in spinor produts of
the Fierz identities. In ontrast to the Fierz identities used for heking the Jaobi
identities, there is no additional sign in here as there is only one antiommuting spinor.
2
(
[u4(/k12 +m)]PRu1
)(
v2 [PRξ]
)
= +
1
2
(
u4(/k12 +m)PRξ
)(
v2PRu1
)
+
1
2
(
u4(/k12 +m)γ
5PRξ
)(
v2γ
5PRu1
)
+
1
2
(
u4(/k12 +m)γ
µPRξ
)(
v2γµPRu1
)
+
1
2
(
u4(/k12 +m)γ
5γµPRξ
)(
v2γµγ
5PRu1
)
+
1
4
(
u4(/k12 +m)σ
µνPRξ
)(
v2σµνPRu1
)
(5.44)
By Fierzing, the last line of (5.39) an be written as
−2([u4(/k12 +m)]PRu2)(v1 [PRξ]) = − 1
2
(
u4(/k12 +m)PRξ
)(
v1PRu2
)
− 1
2
(
u4(/k12 +m)γ
5PRξ
)(
v1γ
5PRu2
)
− 1
2
(
u4(/k12 +m)γ
µPRξ
)(
v1γµPRu2
)
− 1
2
(
u4(/k12 +m)γ
5γµPRξ
)(
v1γµγ
5PRu2
)
− 1
4
(
u4(/k12 +m)σ
µνPRξ
)(
v1σµνPRu2
)
.
(5.45)
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To give the expressions a ommon struture we again use the rules of [19℄ to turn
round the seond term in parentheses on the right hand side of (5.45):
(5.45) = +
1
2
(
u4(/k12 +m)PRξ
)(
v2PRu1
)
+
1
2
(
u4(/k12 +m)γ
5PRξ
)(
v2γ
5PRu1
)
− 1
2
(
u4(/k12 +m)γ
µPRξ
)(
v2γµPLu1
)
+
1
2
(
u4(/k12 +m)γ
5γµPRξ
)(
v2γµγ
5PLu1
)
− 1
4
(
u4(/k12 +m)σ
µνPRξ
)(
v2σµνPRu1
)
(5.46)
When adding (5.44) and (5.46) the tensor part vanishes. Absorbing the γ5 matries
into the hiral projetors the vetor ontributions in (5.44) and (5.46) anel the terms
ontaining the axial vetor, while the salar and pseudosalar ontributions an be
ombined to give:
2
(
u4(/k12 +m)PRξ
)(
v2PRu1
)
. (5.47)
Summing up (5.42) and (5.47) yields the following result for the whole s-hannel on-
tributions
2
(
u4(/k1 + /k2 − /k3 −m)PRξ
)(
v2PRu1
)
= 2
(
u4(/k4 −m)PRξ
)(
v2PRu1
)
= 0 . (5.48)
In the analytial expression for the t-hannel diagrams (5.40), ombining the rst
two as well as the fth and the sixth line gives
2
(
v2(/k3 + 2m)PRξ
)(
u4PRu1
)
. (5.49)
On the other hand, the third and fourth line yield
−2(v2(/k1 − /k4 +m)PRu1)(u4PRξ) . (5.50)
To perform the alulation in a more eetive way, we manipulate the last line in (5.40),
in partiular we turn round the rst term in parentheses,
+2
(
v2(/k1 − /k4 +m)PRv4
)(
v1PRξ
)
. (5.51)
It also has to be Fierz transformed, together with (5.50), to get the same spinor struture
as (5.49). Again we use the notation k14 ≡ k1 − k4, the brakets distinguishing the
spinors used as the fundamental ones in the Fierz identities. From (5.50) we obtain
−2([v2(/k14 +m)]PRu1)(u4 [PRξ]) = − 1
2
(
v2(/k14 +m)PRξ
)(
u4PRu1
)
− 1
2
(
v2(/k14 +m)γ
5PRξ
)(
u4γ
5PRu1
)
− 1
2
(
v2(/k14 +m)γ
µPRξ
)(
u4γµPRu1
)
− 1
2
(
v2(/k14 +m)γ
5γµPRξ
)(
u4γµγ
5PRu1
)
− 1
4
(
v2(/k14 +m)σ
µνPRξ
)(
u4σµνPRu1
)
(5.52)
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For the Fierz transformation of (5.51) we turn round the produt ontaining the
spinors v1 and v4, getting the spinors u4 and u1.
2
(
[v2(/k14 +m)]PRv4
)(
v1 [PRξ]
)
= − 1
2
(
v2(/k14 +m)PRξ
)(
u4PRu1
)
− 1
2
(
v2(/k14 +m)γ
5PRξ
)(
u4γ
5PRu1
)
+
1
2
(
v2(/k14 +m)γ
µPRξ
)(
u4γµPLu1
)
− 1
2
(
v2(/k14 +m)γ
5γµPRξ
)(
u4γµγ
5PLu1
)
+
1
4
(
v2(/k14 +m)σ
µνPRξ
)(
u4σµνPRu1
)
(5.53)
As was the ase for the s-hannel, the tensor ontributions to (5.52) and (5.53) anel
out, while in eah equation the vetor part again anels the axial vetor. The salar
and pseudosalar parts from both Fierz transformations give
+2
(
v2(/k4 − /k1 −m)PRξ
)(
u4PRu1
)
, (5.54)
so nally the result for the t-hannel is written as:
2
(
v2(/k3 + /k4 − /k1 +m)PRξ
)(
u4PRu1
)
= 2
(
v2(/k2 +m)PRξ
)(
u4PRu1
)
= 0 (5.55)
The same alulation goes through for the u-hannel, transferring (5.41):
(5.41) = − 2(v1(/k3 + 2m)PRξ)(u4PRu2)
+ 2
(
v1(/k2 − /k4 +m)PRu2
)(
u4PRξ
)
− 2(v1(/k2 − /k4 +m)PRv4)(v2PRξ)
(5.56)
The Fierz transformations of the last two lines (again we invert the produts ontaining
v2 and v4 in the third line and abbreviate k2 − k4 by k24) are:
2
(
[v1(/k24 +m)]PRu2
)(
u4 [PRξ]
)
=
1
2
(
v1(/k24 +m)PRξ
)(
u4PRu2
)
+
1
2
(
v1(/k24 +m)γ
5PRξ
)(
u4γ
5PRu2
)
+
1
2
(
v1(/k24 +m)γ
µPRξ
)(
u4γµPRu2
)
+
1
2
(
v1(/k24 +m)γ
5γµPRξ
)(
u4γµγ
5PRu2
)
+
1
4
(
v1(/k24 +m)σ
µνPRξ
)(
u4σµνPRu2
)
(5.57)
−2([v1(/k24 +m)]PRv4)(v2 [PRξ]) = 1
2
(
v1(/k24 +m)PRξ
)(
u4PRu2
)
+
1
2
(
v1(/k24 +m)γ
5PRξ
)(
u4γ
5PRu2
)
− 1
2
(
v1(/k24 +m)γ
µPRξ
)(
v2γµPRv4
)
− 1
2
(
v1(/k24 +m)γ
5γµPRξ
)(
v2γµγ
5PRv4
)
− 1
4
(
v1(/k24 +m)σ
µνPRξ
)(
u4σµνPRu2
)
(5.58)
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The vetor ontributions as well as the axial vetor parts vanish separately for eah
proess as in the s- and t-hannels, while the tensor ontributions of (5.57) and (5.58)
anel eah other. The salar and pseudosalar ontributions are equal und sum up to
2
(
v1(/k24 +m)PRξ
)(
u4PRu2
)
. (5.59)
Therefore the result of (5.56) is
2
(
v1(/k2 − /k3 − /k4 −m)PRξ
)(
u4PRu2
)
= −2(v1(/k1 +m)PRξ)(u4PRu2) = 0 . (5.60)
So nally we an see that s-, t- and u-hannel diagrams vanish separately and we
nd the SWIs of (2→ 2) proesses ontaining two as well as four fermions to be fullled.
Chapter 6
The O'Raifeartaigh model
6.1 Spontaneous breaking of Supersymmetry
The simplest model in whih supersymmetry is spontaneously broken is the O'Raifear-
taigh model. To be more preise it is a whole lass of models (f. [3℄), the partiular
O'Raifeartaigh model being only a speial ase. The partile ontent, some speial
remarks and the Feynman rules of the O'Raifeartaigh model (from hereon referred to
as the OR model) are olleted in the appendix. As was proven by O'Raifeartaigh, at
least three hiral superelds are needed to make spontaneous supersymmetry breaking
possible.
This model oers the opportunity to examine what happens to the SWI in the
ase of spontaneous breaking. Of ourse, the derivation of identity (3.2) breaks down
together with our symmetry sine the vauum is no longer left invariant by the ation
of the superharge. But we want to show an example of an SWI, in the sense, that
we alulate a SWI as if (3.2) were still valid and take a look at the terms violating
the SWI. The latter should turn out to be proportional to the parameters of SUSY
breaking.
6.2 Preliminaries to the O'Raifeartaigh model
For the OR model as a spontaneously broken supersymmetri model the relation
Q |0〉 = 0 (6.1)
is no longer fullled, but this had to be postulated to be able to derive the SWI. This
setion will show what happens to the SWI if we were to assume (6.1) to be valid
anyhow.
There is a higher number of partiles in the OR model than in previously onsidered
models. We gratefully make use of this fat as the number of partiipating diagrams in
an SWI shrinks enormously with a growing variety of external partiles. Unfortunately
this advantage is partly lost sine up to three dierent salar partiles appear as a result
of the SUSY transformations of fermioni annihilation and reation operators.
With the experiene from last hapter's toy model we an immediately write down
the transformation laws of the annihilators (and therefore also for the reators).
First of all we want to introdue a ommon notation for all partiles: The annihila-
tors of the salars are denoted by aA, aB, a
φ
± and a
Φ
±, the Majorana fermion's annihilator
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by c, while the annihilators for the Dira fermion are denoted by b and d as usual. The
reators are the Hermitean adjoints, of ourse.
As for the toy model, the fermioni partner of the salar eld whih is split into
real and imaginary parts, gives the lefthanded omponent of a Dira fermion so we an
diretly take over the result (5.11):
[Q(ξ), aA(k)] = i
∑
σ
((
ξPLu(k, σ)
)
b(k, σ) +
(
ξPRu(k, σ)
)
d(k, σ)
)
[Q(ξ), aB(k)] =
∑
σ
((
ξPLu(k, σ)
)
b(k, σ)− (ξPRu(k, σ)) d(k, σ)
)
(6.2)
The fermioni partner for the omplex salar eld from the third supereld and its
Hermitean adjoint are the righthanded omponent of that Dira spinor. Consequently
we an maintain (5.5) and (5.8),
[
Q(ξ), aΦ+(k)
]
= i
√
2
∑
σ
(
ξPRu(k, σ)
)
b(k, σ) , (6.3)
[
Q(ξ), aΦ−(k)
]
= i
√
2
∑
σ
(
ξPLu(k, σ)
)
d(k, σ) . (6.4)
In the ase of the salar eld φ  the salar omponent of the rst supereld and
superpartner of the Goldstino  we just have to set the two annihilators b and d equal
to the Majorana annihilator c:
[
Q(ξ), aφ+(k)
]
= i
√
2
∑
σ
(
ξPRu(k, σ)
)
c(k, σ) , (6.5)
[
Q(ξ), aφ−(k)
]
= i
√
2
∑
σ
(
ξPLu(k, σ)
)
c(k, σ) . (6.6)
The transformations of the Dira annihilators are analogous to (5.15) and (5.16), re-
spetively:
[Q(ξ), b(k, σ)] = −iu(k, σ)
(
aA(k)PR + iaB(k)PR +
√
2aΦ+(k)PL
)
ξ , (6.7)
[Q(ξ), d(k, σ)] = −iu(k, σ)
(
aA(k)PL − iaB(k)PL +
√
2aΦ−(k)PR
)
ξ . (6.8)
For the rst supereld we use equation (3.10) und get
[Q(ξ), c(k, σ)] = −i
√
2 u(k, σ)
(
aφ−PR + aφ+PL
)
ξ (6.9)
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6.3 Example for an SWI in the OR model
As for the WZ model before, we want to onstrut an example for an SWI. Again we
start with a string of elds in whih the spin of initial and nal states dier by half
a unit. As mentioned above, we want to make use of the greater variety of partiles
available in this model.
Our hoie for an example is the following:
0 6=
〈
0
[
Q(ξ), aA(k3)c(k4,+)a
Φ †
− (k1)a
φ †
+ (k2)
]
0
〉
= i
∑
σ
(
ξPLu(k3, σ)
) ·M(Φ(k1)φ∗(k2)→ Ψ(k3, σ)χ(k4,+))
+ i
∑
σ
(
ξPRu(k3, σ)
) ·M(Φ(k1)φ∗(k2)→ Ψ(k3, σ)χ(k4,+))
+ i
√
2
∑
σ
(u(k1, σ)PLξ) · M
(
Ψ(k1, σ)φ
∗(k2)→ A(k3)χ(k4,+)
)
(6.10)
The proesses resulting from the SUSY transformations of the Majorana fermion in
the nal state and the massless boson in the initial state do not ontribute. For the
transformation of the remaining partiles we write down only the nonvanishing terms.
The rst proess with two diagrams
+ , (6.11)
produes, after multipliation with the appropriate prefator, the analytial expression
2g2m · (ξPL/k3v(k4,+)) ·
(
1
s−m2 + 2λg −
1
s−m2 − 2λg
)
. (6.12)
The seond proess is analogous:
+ (6.13)
The result is
−2g2m · (ξPR/k3v(k4,+)) ·
(
1
s−m2 + 2λg +
1
s−m2 − 2λg
)
. (6.14)
There exists just one diagram for the third proess,
. (6.15)
Here we have to keep an eye on the signs again, while having to apply the Wik theorem.
The resulting amplitude is
+4g2m · (ξPR(/k1 + /k2)v(k4,+)) · 1
s−m2 = +4g
2m · (ξPR/k3v(k4,+)) · 1
s−m2 (6.16)
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Impliitly we used momentum onservation and the Dira equation for v(k4), whih
simply is /k4v(k4) = 0 for the Majorana fermion being the Goldstino.
When hoosing speial transformation spinors ξ, we see that the righthanded and
lefthanded part of the identity must be fullled separately. As is immediately seen the
SWI is violated as we expeted from the beginning. Inspeting the limit λ → 0 shows
that the ontribution ontaining the lefthanded hiral projetor vanishes and the parts
with the righthanded hiral projetors anel eah other. This is understandable by
remembering that the parameter λ ontrols the spontaneous symmetry breaking of the
OR model as it produes the mass splitting between the partiles of the seond and the
third supereld, whih ame from diagonalizing the mass terms.
This violation of the SWI of the type derived in [20℄ and [21℄ stems from the non-
invariane of the vauum under SUSY transformations in spontaneously broken SUSY
theories. It an be avoided by using a formalism based on the onept of a onserved
Noether urrent for the supersymmetry; this will be shown in the next part.
Part II
SUSY Ward identities via the
urrent
55

Chapter 7
The supersymmetri urrent and
SWI
There are some inherent problems in the method of alulating SWIs the way presented
in the last part: It does not work for spontaneously broken supersymmetry and is also
only appliable for on-shell identities. To develop stringent tests for supersymmetri
eld theories, it will prove useful to onsider o-shell identities as well, as muh more
of the underlying physis is involved in suh relations. In this part we will rst present
how SWI an be implemented when using the urrent of the supersymmetry and then
show examples for the Wess-Zumino model. To verify that this method is also valid for
spontaneously broken supersymmetry, we extend our alulations to the O'Raifeartaigh
model. Afterwards we turn to the ombination of (global) supersymmetry and gauge
symmetries when examining urrents in supersymmetri Yang-Mills theories. This is
important beause realisti models should, of ourse, inorporate at least the gauge
symmetries of the Standard Model.
7.1 Ward identities  urrent vs. external states
In this setion we desribe the onnetion between the SWI in the formalism derived in
[20℄ and [21℄ and similar relations whih an be obtained with the help of supersymmet-
ri urrent onservation. The name supersymmetri urrent is a bit misleading as this
urrent is not invariant under SUSY transformations. In fat, the urrent mentioned
here is losely related to a spinor omponent of a real supereld provided with an addi-
tional vetor index, alled the superurrent (f. [3℄, [24℄). The salar omponent of the
superurrent is the urrent of R symmetry, while the vetor omponent is given by the
energy-momentum tensor. The supersymmetri urrent has the Lorentz transformation
properties of a vetorspinor. In a loal version of supersymmetry  supergravity  the
orresponding gauge eld is the gravitino.
To derive this kind of SWI we write down a time-ordered produt of a string of
eld operators (appearing in the supersymmetri model under onsideration) with the
operator insertion of the supersymmetri urrent,
〈0 T [J µ(x)O1(y1)O2(y2) . . .On(yn)] 0〉 (7.1)
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Taking the derivative of this expression with respet to xµ (we use the abbreviation
∂xµ ≡ ∂/∂xµ), we get:
i∂xµ 〈0 T [J µ(x)O1(y1) . . .On(yn)] 0〉
=
n∑
i=1
χi
〈
0 T
[
O1 . . .Oi−1
[
iJ 0(x),Oi(yi)
]
Pi
δ(x0 − y0i )Oi+1 . . .On
]
0
〉
+ i
〈
0 T
[
∂xµJ µ(x)O1(y1) . . .On(yn)
]
0
〉
(7.2)
Here χi has the meaning of a sign prefator
χi ≡ (−1)
∑ i−1
j=1 Pj , (7.3)
whih arises by antiommuting the Grassmann odd urrent with Fermi eld operators.
P is the Grassmann parity of the elds, 1 for fermions and 0 for bosons. In the same
manner we have introdued the graded ommutator
[A,B]P=1 ≡ {A,B} for fermions, [A,B]P=0 ≡ [A,B] otherwise (7.4)
as an antiommutator in the ase of two fermioni operators and a ommutator in all
other ases.
The last term in (7.2), whih is reated by applying the derivative to the urrent,
vanishes due to urrent onservation. The terms with the graded ommutators arise
when ating with the time derivative on the step funtions in the time ordered produt.
We make use of the fat that the equal time ommutator (or antiommutator in the
ase of a fermioni operator) of the zero omponent of the urrent with an operator (for
instane, the eld operator of the fundamental elds of the theory) equals the symmetry
transformation (in our ase the SUSY transformation) of the onsidered eld:[
iξJ 0(x),O(y)] δ(x0 − y0) = δξO(y) · δ4(x − y) (7.5)
With the help of this relation we an rewrite the right hand side of (7.2). Furthermore
we swith to momentum spae and replae the spaetime derivative ating on the left
hand side of equation (7.2) by the momentum kµ whih ows into the Green funtion
through the urrent operator insertion (so −kµ = ∑i pµi is the sum over the inoming
momenta of all other external legs).
kµF.T.
〈
0 T
[
ξJ µ(x)O1(y1) . . .On(yn)
]
0
〉
=
n∑
i=1
F.T. 〈0 T [O1 . . .Oi−1 (δξOi(yi))Oi+1 . . .On] 0〉 · δ4(x − yi) (7.6)
In (7.6) the supersymmetri urrent has been multiplied by the SUSY transformation
parameter ξ and hene beame a bosoni operator. There are two onsequenes: we
ould forget about the sign prefator whih was part of (7.2) and all graded ommutators
beame ommutators. In (7.5) and (7.6) we used the usual notation for the SUSY
transformations of the elds (with transformation parameter ξ).
At tree level the identity (7.2) is valid for linearly as well as nonlinearly realized
symmetries both for on-shell and o-shell proesses (f. for instane the path integral
derivation of the Ward identities in [25℄). In the ase of nonlinearly realized symme-
tries, not only higher than quadrati terms will appear in the urrent operator but also
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omposite operators in the transformations of the elds. To put the identity (7.2) on
the mass shell we have to apply the LSZ redution formula [13℄, [15℄, [22℄ to all external
legs exept the urrent itself, whih remains unamputated:
i
∫
d4x1f
∗
1
(1 +m21)
i
∫
d4x2f
∗
2
(2 +m22)
.
.
.
i
∫
d4xnf
∗
n(n +m
2
n)
i
∫
d4xn+1fn+1(n+1 +m2n+1)
.
.
.
kµJ µ
.
.
.
i
∫
d4xn+mfn+m(n+m +m2n+m)
We used the abbreviation fi ≡ e−ikixi/
√
(2π)32k0i . For simpliity we denoted only the
amputation proedure for bosons. The big grey blob stands for the proess under on-
sideration (i.e. the interation operators needed to onnet the external elds in (7.2)),
while the smaller blob will beome our standard onvention for a urrent insertion. On
shell, all the so alled ontat terms on the right hand side of equation (7.2) vanish.
This is seen by inspetion of the amputation proedure for those Green funtions with
the transformed elds: Let the external partile orresponding to the ith eld have mo-
mentum pi on the left hand side, then on the right hand side the partile orresponding
to the transformed eld has its momentum inreased by the momentum inux through
the urrent pi+ k. For the sake of simpliity, we show an example involving only salar
elds:
DF (pi)
−1 ·DF (pi + k) = p
2
i −m2i
(pi + k)2 −m2i
(7.7)
These two propagator fators do not anel like all other propagators of external partiles
do, hene when setting the external momenta pj , j = 1, 2, . . . on the mass shell, this
yields zero for every term on the right hand side.
Another interesting phenomenon happens for spontaneously broken symmetries,
where a eld gets a vauum expetation value and is therefore shifted by a onstant. A
term linear in the eld appears in the urrent, or more preisely, a term proportional
to the derivative of the Goldstone boson. This ontributes tadpole-like diagrams whih,
if resummed, shift the appropriate poles of the elds aording to the mass splitting
from the spontaneous symmetry breaking. Sine oupling onstants and vauum expe-
tation values are ombined to yield masses of partiles, there is a mixing of dierent
orders in perturbation theory ontributing to the Ward identity. For supersymmetri
eld theories the orresponding term in the urrent is given by a gamma matrix times
the derivative of the Goldstino eld. We will study this in detail in the O'Raifeartaigh
model below.
7.2 Simplest example  Wess-Zumino model
Like any ontinous symmetry in a eld theory, supersymmetry possesses a onserved
urrent whose harge is the generator of the symmetry transformation. Supersymmetry
is no symmetry of the Lagrangean density but only of the ation. It transforms the
Lagrangean density into a total derivative whih vanishes upon integration over spae-
time. The following disussion is similar to that in [3℄. If we assume that the hange of
the Lagrangean density under a SUSY transformation takes on the form
δξL = ξ∂µKµ, (7.8)
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we an alulate the struture of Kµ. We want to derive the supersymmetri urrent
for the WZ model as this is the simplest supersymmetri model. In the Lagrangean
density only the D-term of the kineti part and the F -terms from the superpotential
appear. The SUSY transformation of a D-term of an arbitrary supereld is given by
[3℄, [5℄
1
δξD = ξγ
5/∂λ . (7.9)
Here λ is a spinor being the θ3 oeient in a superspae expansion of a general super-
eld. We onlude, that for the kineti part of the WZ model Lagrangean density as a
produt of a right- and a lefthanded hiral supereld, Φˆ†Φˆ,
δξLkin = δξ
[
1
2
Φˆ†Φˆ
]
D
= ξγ5/∂
1
2
[
Φˆ†Φˆ
]
λ
. (7.10)
The appropriate λ an be read o from equation (26.2.24) in [3℄ or, in our onventions,
from equation (5.116) in [5℄, by taking into onsideration that the general supereld
Φˆ1 there is to be set to the right hiral supereld Φˆ
†
and the seond supereld Φˆ2 to
the Hermitean adjoint left hiral supereld Φˆ. This enables us to make the following
replaements (of ourse, the SUSY transformation an be done by brute fore in a
omponent language but the supereld formalism is muh more elegant)
2
:
λ1 ≡ 0 λ2 ≡ 0
V µ1 ≡ − i∂µφ∗ V µ2 ≡ i∂µφ
C1 ≡ φ∗ ω1 ≡ i
√
2ΨR
C2 ≡ φ ω2 ≡ − i
√
2ΨL
N1 ≡ F ∗ M1 ≡ − iF ∗
N2 ≡ F M2 ≡ iF
(7.11)
The result is
Kµ
kin
=
1√
2
γµ
(
(/∂φ) ΨR + (/∂φ
∗)ΨL − iFΨR − iF ∗ΨL
)
. (7.12)
From the transformation of the superpotential's F -terms we write down the relation
δξLpot = δξ
[
m
2
Φˆ2 +
λ
3!
Φˆ3
]
F
+ h.. = −i
√
2 ξPL/∂
[
m
2
Φˆ2 +
λ
3!
Φˆ3
]
ψ
+ h.. (7.13)
The ontribution from the potential beomes
Kµ
pot
= −i
√
2γµ
(
mΨLφ+mΨRφ
∗ +
1
2
λΨLφ
2 +
1
2
λΨR(φ
∗)2
)
(7.14)
(NB: Herein λ is the oupling onstant of the WZ model, not a spinor omponent of a
supereld.) So altogether we get for this ontribution to the supersymmetri urrent
Kµ =
1√
2
γµ
(
(/∂φ)ΨR + (/∂φ
∗)ΨL − iFΨR − iF ∗ΨL − 2miΨLφ
1
The relative fator of i between both referenes omes from the dierent onventions onerning
the metri and hene the gamma matries.
2
In the appendix a detailed derivation for the supersymmetri urrent in supersymmetri Yang-Mills
theories an be found.
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− 2miΨRφ∗ − iλΨLφ2 − iλΨR(φ∗)2
)
(7.15)
Inserting the denitions of the elds A, B, F and G yields
Kµ =
1
2
γµ(/∂A)Ψ − i
2
γµγ5(/∂B)Ψ− i
2
γµFΨ− 1
2
γµγ5GΨ
− imγµAΨ−mγµγ5BΨ− iλ
2
√
2
γµ
(
A2 −B2)Ψ− λ√
2
γµγ5ABΨ (7.16)
The so alled Noether part of the supersymmetri urrent (by whih the urrent is
given in the ase of an invariant Lagrangean density) reads
∑
all elds
∂RL
∂(∂µΦ)
δξΦ = −ξNµ . (7.17)
In the WZ models these derivatives are
∂RL
∂(∂µA)
= ∂µA,
∂RL
∂(∂µB)
= ∂µB,
∂RL
∂(∂µΨ)
=
i
2
Ψγµ, (7.18)
while the SUSY transformations of the several elds are stated in (2.5). The Noether
part therefore is
Nµ = − (∂µA)Ψ− i (∂µB) γ5Ψ− 1
2
[
/∂
(
A− iγ5B)] γµΨ+ i
2
(F + iγ5G) γµΨ (7.19)
Adding the two parts (7.16) and (7.17) results in the supersymmetri urrent for the
WZ model
J µ = Kµ +Nµ
= i ((i/∂ −m)A) γµΨ+ ((i/∂ +m)B) γ5γµΨ
− iλ
2
√
2
γµ
(
A2 −B2)Ψ− λ√
2
γµγ5ABΨ
(7.20)
Now we an hek  even if it is a little bit umbersome  the urrent onservation
expliitly.
∂µJ µ = − (A)Ψ − imA(/∂Ψ)− (/∂A)(/∂Ψ)− im(/∂A)Ψ − i(B)γ5Ψ+mBγ5(/∂Ψ)
+ i(/∂B)γ5(/∂Ψ)−m(/∂B)γ5Ψ− iλ
2
√
2
(
A2 −B2) /∂Ψ− iλ√
2
(/∂A)AΨ
+
iλ√
2
(/∂B)BΨ+
λ√
2
γ5AB/∂Ψ+
λ√
2
γ5(/∂A)BΨ +
λ√
2
γ5A(/∂B)Ψ
=
λ
2
√
2
(ΨΨ)Ψ−mFΨ− λ√
2
AFΨ− λ√
2
BGΨ+ λ
2
√
2
(Ψγ5Ψ)γ5Ψ− imGγ5Ψ
+
iλ√
2
BFγ5Ψ− iλ√
2
AGγ5Ψ+ iF(/∂Ψ)− Gγ5(/∂Ψ)
The underlined terms anel due to the equation of motion of the Majorana eld Ψ.
In the seond equality the rst eight terms stem from the equations of motion for the
salar elds A and B, while the last two ome from inserting the equations of motion
for the spinor eld into the terms not underlined. The terms linear in F and G an be
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ombined to give the equations of motion for the Majorana eld and we are left with
the trilinear fermion terms. Noting that third powers of Grassmann odd two omponent
spinors (ψψ)ψ vanish, the alulation
(
ΨΨ
)
Ψ = (ψψ + ψ¯ψ¯) ·
(
ψ
ψ¯
)
=
(
(ψ¯ψ¯)ψ
(ψψ)ψ¯
)
(
Ψγ5Ψ
)
γ5Ψ = (−ψψ + ψ¯ψ¯) ·
(−ψ
ψ¯
)
=
(−(ψ¯ψ¯)ψ
−(ψψ)ψ¯
), (7.21)
shows the anellation of the trilinear fermion terms. This nishes the proof of the
desired urrent onservation:
∂µJ µ = 0 (7.22)
The urrent for a general model with an arbitrary number of superelds and the
proof for its onservation an be found in appendix D.1.
Chapter 8
SWI via the urrent
8.1 Starting point: WZ model
In this setion we want to alulate supersymmetri Ward identities (SWI) for the WZ
model obtained with the help of the urrent as onstruted in the previous hapter. The
urrent for the WZ model is given by (7.20). We will show an example for an on-shell
identity with three external partiles (SWI with two external partiles are just given by
the propagators of the theory in the ontat terms and are rather trivial) as well as for
an o-shell SWI with the same number of external partiles.
For the on-shell example, where the ontat terms are absent, we hoose a (2 → 1)
proess with two inoming salar partiles A, one outgoing fermion Ψ and a urrent
insertion, to whih (in lowest order perturbation theory) four dierent diagrams on-
tribute:
+ + +
The momenta of the inoming As are denoted by k1 and k2 while the outgoing
Majorana fermion's momentum is k′. The analytial expressions for the four diagrams
are (from right to left):
(1) − iλ√
2
γµv(k′), (8.1a)
(2) +
3imλ√
2 (s−m2) (/k1 + /k2 −m) γ
µv(k′), (8.1b)
(3) +
iλ√
2 (t−m2) (/k1 −m) γ
µ (/k2 − /k′ +m) v(k′), (8.1)
(4) +
iλ√
2 (u−m2) (/k2 −m) γ
µ (/k1 − /k′ +m) v(k′). (8.1d)
For this problem the Mandelstam variables are
s ≡ (k1 + k2)2, t ≡ (k2 − k′)2, u ≡ (k1 − k′)2.
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The veriation of the SWI only needs the use of the Dira equation (/k′ +m) v(k′) = 0
and the relation /k/k = k2. Applying the 4-gradient to the above matrix element produes
the following sum that an be easily onrmed to be zero:
∂µ 〈Ψ J µ AA〉 = λ√
2
[
(/k1 + /k2 +m)− 3m
s−m2 (/k1 + /k2 −m) (/k
′ − /k1 − /k2)
− (/k1 −m) (/k
′ − /k2 − /k1) (/k′ − /k2 −m)
t−m2
− (/k2 −m) (/k
′ − /k1 − /k2) (/k′ − /k1 −m)
u−m2
]
v(k′)
=
λ√
2
[
(/k1 + /k2 +m)− 3m− (/k1 −m) (t+m/k1)
t−m2
− (/k1 −m) (/k1 +m) (/k2 − /k
′)
t−m2 −
(/k2 −m) (u+m/k2)
u−m2
− (/k2 −m) (/k2 +m) (/k1 − /k
′)
u−m2
]
v(k′)
=
λ√
2
[
m+ /k1 + /k2 − 3m− /k2 +m− /k1 +m
]
v(k′) = 0
√
(8.2)
Conerning (nonlinear) transformations, on-shell only the one-partile pole on-
tributes. But for o-shell Ward identities the nonlinear terms give nonvanishing ontri-
butions in ontat terms. The orret method to handle that diulty is to dene loal
operator insertions for every nonlinear term appearing in the transformations.
As an example for an o-shell identity we take the insertion of an A, a B and a Ψ
eld as the left hand side in (7.6)
F.T.
〈
0 TJµ(y)ξA(x1)B(x2)Ψ(x3) 0
〉
=
i
p21 −m2
i
p22 −m2
−i
/p3 +m
(
F.T.
〈
0 TJµ(y)A(x1)B(x2)Ψ(x3) 0
〉
amp.
)
ξ, (8.3)
where F.T. stands for the Fourier transform. Compared to the on-shell identity we just
hanged one salar into a pseudosalar. As this is an o-shell identity we need not
to distinguish inoming and outgoing partiles. The nonvanishing ontributions to the
ontat terms for this SWI are:
F.T.
〈
0 TξΨ(x1)B(x2)Ψ(x3) 0
〉
=
−λ√
2
i
p22 −m2
−i
/p3 +m
γ5
i
/p1 + /k −mξ (8.4a)
F.T.
〈
0 TA(x1)(iξγ
5Ψ(x2))Ψ(x3) 0
〉
=
λ√
2
i
p21 −m2
−i
/p3 +m
i
/p2 + /k −mγ
5ξ (8.4b)
F.T.
〈
0 TA(x1)B(x2)(−i) (i/∂x3 +m)B(x3)γ5ξ 0
〉
=
−mλ√
2
i
p21 −m2
i
p22 −m2
i
(p3 + k)2 −m2 (−/p3 − /k +m) γ
5ξ (8.4)
−iλ√
2
F.T.
〈
0 TA(x1)B(x2)(AB)(x3)γ
5ξ 0
〉
=
−iλ√
2
i
p21 −m2
i
p22 −m2
γ5ξ (8.4d)
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To evaluate the 4-point funtion with the urrent insertion we rewrite the urrent
ξJµ as Jµξ, whih is idential due to the Majorana properties of the urrent and the
transformation parameter:
ξJµ = ξ
{
i ((i/∂ −m)A) γµΨ+ ((i/∂ +m)B) γ5γµΨ
− iλ
2
√
2
γµ
(
A2 −B2)Ψ− λ√
2
γµγ
5ABΨ
}
=
{
Ψγµi (i/∂ +m)A−Ψγµ (i/∂ +m)Bγ5
+
iλ
2
√
2
Ψγµ
(
A2 −B2)− λ√
2
Ψγµγ
5AB
}
ξ (8.5)
This brings the propagator of the (matter) fermion to the left. Again there are four
diagrams for the Green funtion with urrent insertion:
+ + +
(8.6)
For the sign of the fermion propagator one has to take are of the momentum ow.
F.T.
〈
0 TJµ(y)A(x1)B(x2)Ψ(x3) 0
〉
amp.
ξ = − iλ√
2
γ5
i
/p1 + /k −mγµ (/p1 +m) ξ
+
iλ√
2
i
/p2 + /k −mγµ (/p2 +m) γ
5ξ − λ√
2
γµγ
5ξ
− imλ√
2
i
(p3 + k)2 −m2 γµ (/p3 + /k −m) γ
5ξ (8.7)
Dotting the momentum kµ = −(p1 + p2 + p3)µ into this expression yields
i
/p3 +m
1
(p21 −m2)(p22 −m2)
kµF.T.
〈
0 TJµ(y)A(x1)B(x2)Ψ(x3) 0
〉
amp.
ξ
=
iλ√
2
1
/p3 +m
1
(p21 −m2)(p22 −m2)
·
{
(/p1 + /p2 + /p3)
− 1
/p2 + /p3 −m (/p1 + /p2 + /p3) (/p1 −m)
− 1
/p1 + /p3 +m
(/p1 + /p2 + /p3) (/p2 +m)
+m
1
(p1 + p2)2 −m2 (/p1 + /p2 + /p3) (/p1 + /p2 +m)
}
γ5ξ
=
iλ√
2
1
/p3 +m
1
(p21 −m2)(p22 −m2)
(/p1 + /p2 + /p3) γ
5ξ
− iλ√
2
1
/p3 +m
1
(p21 −m2)(p22 −m2)
(/p1 −m) γ5ξ
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− iλ√
2
1
/p3 +m
1
p22 −m2
1
/p2 + /p3 −mγ
5ξ
− iλ√
2
1
/p3 +m
1
(p21 −m2)(p22 −m2)
(/p2 +m) γ
5ξ
− iλ√
2
1
/p3 +m
1
p21 −m2
1
/p1 + /p3 +m
γ5ξ
+
imλ√
2
1
(p21 −m2)(p22 −m2)
1
(p1 + p2)2 −m2 (/p1 + /p2 +m) γ
5ξ
+
imλ√
2
1
/p3 +m
1
(p21 −m2)(p22 −m2)
γ5ξ (8.8)
The third, fth and sixth term equal the ones from the linearly transformed elds
of the r.h.s.:
− iλ√
2
{
1
p22 −m2
1
/p3 +m
1
/p2 + /p3 −m +
1
p21 −m2
1
/p3 +m
1
/p1 + /p3 +m
−m 1
p21 −m2
1
p22 −m2
1
(p1 + p2)2 −m2 (/p1 + /p2 +m)
}
γ5ξ (8.9)
The remaining terms add up to:
− iλ√
2
1
(p21 −m2)(p22 −m2)
1
/p3 +m
{
−/p1 − /p2 − /p3 + /p1 −m+ /p2 +m−m
}
γ5ξ
=
iλ√
2
1
(p21 −m2)(p22 −m2)
γ5ξ (8.10)
This equals the single term oming from the loal operator insertion, so that the Ward
identity is indeed fullled.
8.2 Currents and SWI in the O'Raifeartaigh model
Taking the general formula (D.8) derived in appendix D.1 we an derive the super-
symmetri urrent for the O'Raifeartaigh model (short: OR model). From the super-
potential in whih the superelds have been substituted by their salar omponents
f(φ1, φ2, φ3) = λφ1 +mφ2φ3 + gφ1φ
2
2 (8.11)
we an read o the derivatives with respet to the salar elds (there is no dierene
whether we take the mixings of the elds into aount rst and take the derivatives
afterwards or vie versa):
∂f(φ1, φ2, φ3)
∂φ1
= λ+ gφ22 = λ+
g
2
(
A2 −B2 + 2iAB) (8.12)
∂f(φ1, φ2, φ3)
∂φ2
= mφ3 + 2gφ1φ2 = mΦ +
√
2g (A+ iB) (8.13)
∂f(φ1, φ2, φ3)
∂φ3
= mφ2 =
m√
2
(A+ iB) (8.14)
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After inserting these derivatives and sorting the terms we get
J µ = −
√
2(/∂φ)γµPRχ−
√
2(/∂φ∗)γµPLχ−
√
2iλγµχ+ iPL ((i/∂ −m)A) γµΨ
+ iPR ((i/∂ −m)A) γµΨc + PL ((i/∂ −m)B) γµΨ− PR ((i/∂ −m)B) γµΨc
+ i
√
2PR ((i/∂ −m)Φ) γµΨ+ i
√
2PL ((i/∂ −m)Φ∗) γµΨc
− ig√
2
(
A2 −B2) γµχ−√2gABγµγ5χ− 2igγµAφPLΨ− 2igγµAφ∗PRΨc
+ 2gγµBφPLΨ− 2gγµBφ∗PRΨc
(8.15)
Let us start with a rather trivial example, whih relates 2- and 3-point funtions in
lowest order perturbation theory. We onsider the SWI
kµ F.T.
〈
0 T
[(
ξJ µ)A(x1)Ψ(x2)] 0〉
!
= F.T.
〈
0 T
[
Ψ(x2)
(
Ψ(x1)PRξ
)]
0
〉
δ4(x− x1)
+ F.T. 〈0 T [A(x1) (−i/∂ −m)A(x2)PRξ] 0〉 δ4(x− x2) +O(g)
(8.16)
We have only kept those of the ontat terms giving nonvanishing ontributions. The
right hand side will be alulated rst; we adopt the onvention that all momenta be
inoming. The right hand side is
RHS (8.16) =
i(−/k2 +m)
k22 −m2
PRξ − i(/k1 +m)
k21 −m2 − 2λg
PRξ + O(g) (8.17)
As mentioned earlier, for the alulation of the left hand side are has to be taken
about possible higher orders in perturbation theory whih may ontribute to this SWI.
In these diagrams the linear part of the urrent will be oupled to the external partiles
via the Goldstino, wherein the oupling onstant ombined with the parameter for the
spontaneous symmetry breaking λ is responsible for the mass splitting between the
partiipating partiles A and Ψ. This will prove important  as we will see soon 
for onstruting the propagators with the orret poles. The pole of the Goldstino at
zero mass always anels out of those diagrams against the momentum inux from the
urrent. Diagrammatially the left hand side looks like (k = k1 + k2):
LHS (8.16) =
kµJ µ
+
kµJ µ
(8.18)
The analytial expression for the left hand side (8.16) is
LHS (8.16) = i∂xµ
〈
0 T
[(
ξJ µ(x))A(x1)Ψ(x2)] 0〉(0)
+ i∂xµ · i
∫
d4y
〈
0 T
[(
ξJ µ(x))A(x1)Ψ(x2)Lint] 0〉+ . . .
= i∂xµ
〈
0 T
[
A(x1)Ψ(x2)i
(
Ψ(x)γµ [(i/∂ +m)A(x)]PRξ
)]
0
〉
− ∂xµ
∫
d4y
〈
0 T
[(√
2iλξγµχ(x)
) (√
2gΨ(y)PRχ(y)
)
A(x1)Ψ(x2)
]
0
〉
+ higher orders
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FT→ i(−/k2 +m)
k22 −m2
(/k1 + /k2)
/k1 +m
k21 −m2 − 2λg
PRξ
− i(−/k2 +m)
k22 −m2
2λg
k21 −m2 − 2λg
PRξ + O(g)
=
i(−/k2 +m)
k22 −m2
PRξ − i(/k1 +m)
k21 −m2 − 2λg
PRξ + O(g) = RHS (8.16) √
(8.19)
The SWI is fullled. Amputating the external legs (exept for the urrent) by means of
the LSZ redution formula produes the on-shell identity whih is thene automatially
fullled as well.
Chapter 9
Gauge theories and
Supersymmetry
In gauge theories there appears a new phenomenon not met in the previous hapters:
the partiipation of (massless or massive) vetor bosons onneted to the onept of
gauge symmetry and gauge transformations. These are indispensable ingredients for
a realisti eld theoreti model desribing elementary partile phenomenology. The
gauge priniple, i.e. the ovariane of the elds under loal phase transformations, must
in a supersymmetri eld theory be inorporated in a SUSY ovariant manner. As
shown in [3℄ and [5℄ the kineti terms with minimal oupling an be written down in a
SUSY-ovariant form by introduing a vetor supereld Vˆ (this is a real supereld with
Vˆ † = Vˆ ), and making the replaement
S
kin
=
∫
d4x
1
2
[
Φˆ†Φˆ
]
D
−→
∫
d4x
1
2
[
Φˆ†e±cVˆΦ
]
D
. (9.1)
Therein c is a normalization onstant depending on the normalization of the algebra of
the gauge symmetry whih is as hanging from author to author as the hoie of sign.
The sign of c is related to the sign in the gauge-ovariant derivative,
Dµ = ∂µ ± ig
∑
a
T aAaµ. (9.2)
The kineti term for the gauge elds is produed with the help of spinor superelds,
hiral superelds equipped with an additional spinor index. They are established by
triply applying the super-ovariant derivative D to the vetor supereld
Wˆ (x, θ) = −1
4
(DD)D Vˆ (x, θ). (9.3)
Then the kineti part of the gauge elds an be expressed as
S
gauge
=
1
2
∫
d4xRe
[∑
a
W aRW
a
L
]
. (9.4)
There is a high redundany in the supereld formulation of supersymmetri gauge
theories. The new supereld Vˆ there ontains a huge amount of unphysial degrees of
freedom. But we an get rid of them. The kineti part (and the superpotential as well)
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are not only invariant under SUSY and gauge transformations but also under so alled
extended gauge transformations. These are gauge transformations where the gauge
parameter (usually a salar spaetime dependent parameter) is replaed by a omplete
supereld Λˆ(x, θ). We an use these transformations to gauge away the superuous
degrees of freedom, three salar and one spinor omponent eld so that only the gauge
eld, the gaugino and a salar eld with anonial dimension two remain. This is alled
the Wess-Zumino gauge. After having xed the above mentioned omponents, only the
ordinary gauge transformations survive from the extended gauge transformations.
The Lagrangean density of the matter elds with minimal oupling therefore has the
struture:
L
mat
= (Dµφ)
† (Dµφ) +
i
2
(
Ψ /DΨ
)
+ F †F −
√
2gλaφ†T aΨL
−
√
2gΨLT
aφλa + gφ†T aφDa +W(φ,Ψ, F ) (9.5)
Here W(φ,Ψ, F ) stands for the superpotential parts of the matter Lagrangean density
whih are globally and loally invariant under the gauge symmetry group. It does not
ontain any derivatives of the elds.
The kineti terms of the gauge elds and gauginos are:
L
gauge
= −1
4
F aµνF
µν
a +
i
2
λa ( /Dλ)
a
+
1
2
DaDa (9.6)
Sine it is onsistent with the gauge symmetry, we may add a Fayet-Iliopoulos term
L
FI
= ζaDa with fabcζ
a = 0. (9.7)
The last ondition is neessary in the non-Abelian ase for this term to transform into
a total derivative under SUSY. It fores the gauge eld part in the ovariant derivative
of the gauginos produed when SUSY-transforming the auxiliary eld to vanish.
9.1 The de WitFreedman transformations
The Wess-Zumino supergauge xing proedure destroys invariane of the Lagrangean
density under SUSY transformations as well as under extended gauge transformations.
When performing a SUSY transformation the states gauged away in the WZ gauge are
populated again with the eet that the Lagrangean density is no longer WZ gauged.
This an be remedied by performing another extended gauge transformation to newly
reah WZ gauge. From last setion's disussion this is understandable from the fat
that SUSY and gauge transformations are not ompletely orthogonal to eah other.
The several transformations and their relations are displayed below:
LWZ LWZ
L L
T
deW-F
T
ext.g.
T
ext.g.
T
SUSY
T
SUSY
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When performing a SUSY transformation and an extended gauge transformation after-
wards (for the details f. [3℄) this results in a ombined transformation alled de Wit
Freedman transformation whih leaves the Lagrangean density in WZ gauge invariant
[26℄. In de WitFreedman transformations the spaetime derivatives are replaed by
gauge ovariant derivatives; furthermore there are some additional terms. So de Wit
Freedman transformations are the gauge-ovariant version of the SUSY transformations.
For supersymmetri YangMills theories they are (we put a tilde on them to distinguish
them from the ordinary supersymmetry transformations; for more details see appendix
A.5):
δ˜ξφ =
√
2
(
ξΨL
)
,
δ˜ξψ = − i
√
2γµ
(
(Dµφ)PR + (Dµφ)†PL
)
ξ +
√
2(FPL + F †PR)ξ,
δ˜ξF = − i
√
2
(
ξ /DΨL
)
+ 2gξT aφλaR,
δ˜ξA
a
µ = −
(
ξγµγ5λ
a
)
,
δ˜ξλ
a = − i
2
F aµνγ
µγνγ5ξ +Daξ,
δ˜ξD
a = − iξ ( /Dλ)a .
(9.8)
9.2 The urrent in supersymmetri YangMills theo-
ries
Beause it is a ompliated and lengthy topi we postpone the detailed derivation of
the supersymmetri urrent for supersymmetri YangMills theories (SYM) to the ap-
pendix, D.2. We simply state the result for the SUSY urrent in a supersymmetri
Yang-Mills theory
J µ = −
√
2γνγµ(Dνφ)
TΨR −
√
2γνγµ(Dνφ)
†ΨL − iγµζaλa
+
1
2
γαγβγµγ5F aαβλ
a − igγµ
(
φ† ~Tφ
)
· λ
− i
√
2γµ
(
∂f(φ)
∂φ
)T
ΨL − i
√
2γµ
(
∂f(φ)
∂φ
)†
ΨR
. (9.9)
It is onserved,
∂µJ µ = 0 , (9.10)
as will also be proven in the appendix, D.3.
9.3 Comparison of the urrents  physial interpreta-
tion
The use of the de WitFreedman transformation is not mandatory [3℄. It is also possible
to use the ordinary SUSY transformations to alulate the urrent. We do want
to show now that the urrent in SYM theories remains the same when using SUSY
instead of de WitFreedman transformations in its derivation. The dierene between
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both transformations shows up in the auxiliary elds F , F † and Da, as well as in the
matter fermions. The two Noether parts  alulated on the one hand with the dWF
transformation, on the other hand with the ordinary SUSY transformation  dier by
a term
ξJ µ
dWF
− ξJ µ
ord.
= − ig√
2
(
ξγνγµφT ~T T ~AνΨR
)
+
ig√
2
(
ξγνγµφ† ~T ~AνΨL
)
. (9.11)
We now list all terms produed by a dWF transformation of the Lagrangean density in
addition to the SUSY transformation:
F †F −→ − 2gF †
(
ξ ~Tφ · ~λR
)
− 2g
(
ξφ† ~TF · ~λL
)
+
√
2g
(
ξF † ~T /~AΨL
)
−
√
2g
(
ξFT ~T T /~AΨR
)
(9.12)
i
2
(
Ψ /DΨ
) −→ ig√
2
(
ξγµγν(Dν ~T
T ~Aµφ
T )ΨR
)
− ig√
2
(
ξγµγν(Dν ~T ~Aµφ)
†ΨL
)
+
ig√
2
(
ξγµ(~T ~Aµφ
†) /DΨL
)
− ig√
2
(
ξγµ(~T T ~Aµφ
T ) /DΨR
)
(9.13)
−
√
2g
(
~λ · φ† ~TΨL
)
−→ 2g2
(
ξφ† ~T (~T /~Aφ) · ~λL
)
(9.14)
−
√
2g
(
ΨL ~Tφ · ~λ
)
−→ − 2g2
(
ξγµ(~T ~Aµφ
†)~Tφ · ~λR
)
(9.15)
g
(
φ† ~Tφ
)
·D −→ ig2 (φ†T aφ) (ξfabc /Abλc) (9.16)
L
gauge
−→ iDa (ξfabc /Abλc) (9.17)
From these additional terms as many as possible are eliminated. The rst two terms
out of (9.12) vanish by the ondition (D.59). From the last two equations (9.16) and
(9.17), the ontributions anel due to the equation of motion for the auxiliary eld Da.
Next we multiply the terms with the ovariant derivatives of the fermions in (9.13) by
a fator two and subtrat them one. In the doubled expressions we insert the equation
of motion for the fermions; with the help of the two identities derived from (D.59) in
the paragraph below that equation we see, that the remaining terms from (9.12) anel
as well as the gaugino ontributions (9.14) and (9.15). We are left with
ig√
2
(
ξγµγν(Dν ~T
T ~Aµφ
T )ΨR
)
− ig√
2
(
ξγµγν(Dν ~T ~Aµφ)
†ΨL
)
− ig√
2
(
ξγµ(~T ~Aµφ
†) /DΨL
)
+
ig√
2
(
ξγµ(~T T ~Aµφ
T ) /DΨR
)
.
(9.18)
All terms ontaining two gauge elds anel eah other so that the remaining term is
the following derivative:
∂ν
[
ig√
2
(
ξγµγν(~T T ~Aµφ
T )ΨR
)
− ig√
2
(
ξγµγν(~T ~Aµφ
†)ΨL
)]
. (9.19)
This anels exatly the ontribution to the urrent from the Noether part, (9.11), and
both urrents are equal.
The fat that the two urrents are idential an be interpreted physially in the
following way: The supersymmetri urrent of SYM may be derived in the supereld
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formalism independent from any hoie of supergauge. Sine the superurrent (the
supereld ontaining the supersymmetri urrent and the energy-momentum tensor) is
a salar with respet to (extended) gauge transformations, the supersymmetri urrent
remains the same when expressed in dierent supergauges.
9.4 SWI in an Abelian toy model
To test our supersymmetri Ward identities (SWI) for a supersymmetri gauge theory,
we hoose the simplest possible example, a model with one matter supereld and a U(1)
gauge symmetry. This is not SQED  the supersymmetri extension of QED, sine there
is only a single supereld. Gauge invariane then fores the superpotential to vanish,
so that all partiles of our model are massless. Furthermore the matter fermion is of
Majorana type and the gauge eld must ouple to it as an axial vetor, as this is the
only possibility for a gauge eld to have a nonvanishing oupling to a Majorana fermion.
The whole gauge supereld must then be axial as well and the model bears an anomaly,
the supersymmetri extension of the axial vetor anomaly. But as long as we are only
onerned with tree level proesses we do not have to are about anomalies  they will
only beome important for higher order alulations. The details of our Abelian toy
model an again be found in appendix E.4. Here we just quote the Lagrangean density
and the urrent (to avoid onfusion with the salar partile A we denote the gauge
boson by Gµ in this model):
L = 1
2
(∂µA)(∂
µA) +
1
2
(∂µB)(∂
µB) +
i
2
Ψ/∂Ψ− 1
4
FµνF
µν +
i
2
λ/∂λ
+eGµ (B∂
µA−A∂µB) + e
2
2
GµG
µ
(
A2 +B2
)− e (Ψλ)A
−ie (Ψγ5λ)B − e
2
Ψ /Gγ5Ψ− e
2
8
(
A4 +B4 + 2A2B2
)
(9.20)
J µ = −(/∂A)γµΨ− i(/∂B)γµγ5Ψ+ ieA/Gγµγ5Ψ − eB /GγµΨ
+
1
2
[γα, γβ]γµγ5(∂αGβ)λ− ie
2
(
A2 +B2
)
γµλ
(9.21)
We rst show a simple example for an on-shell Ward identity:
Jµ(p1, p2) = F.T. 〈0 Jµ(x) A(p1)Ψ(p2)〉
= F.T. 〈0 Jµ(x) A(p1)Ψ(p2)〉(0) = −/p1γµu(p2) (9.22)
(p1 + p2)
µJµ(p1, p2) = −/p1 (/p1 + /p2)u(p2) = 0 (9.23)
The seond term in parentheses vanishes due to the Dira equation while p21 is zero (all
partiles are massless in this model by gauge invariane).
We now disuss several examples of Ward identites alulated o-shell. By amputa-
tion in the sense of LSZ redution we an then easily get bak to the on-shell identities.
Let us rst  as a warm-up  examine an SWI with two elds beneath the urrent
insertion written down in the form (7.6)
kµF.T.
〈
0 T ξJµ(y)A(x1)Ψ(x2) 0
〉 !
= F.T. 〈0 T (δξA(x1)) Ψ(x2) 0〉 δ4(x1 − y)
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+ F.T. 〈0 TA(x1) (δξΨ(x2)) 0〉 δ4(x2 − y)
= F.T.
〈
0 TΨ(x2)Ψ(x1)ξ 0
〉
δ4(x1 − y)
+ F.T. 〈0 TA(x1)(−i/∂A(x2))ξ 0〉 δ4(x2 − y) (9.24)
Graphially we denote the momentum inux by a dotted line. Then we have the fol-
lowing relation (k + p1 + p2 = 0 and all momenta inoming)
kµJ µ != k
p2
+
p1
k
(9.25)
−kµ i
p21
−i
/p2
γµ(−i/p1)ξ = −i
p21
1
/p2
(/p1 + /p2) /p1ξ
!
=
(−i
/p2
+
−i/p1
p21
)
ξ (9.26)
The SWI is fullled.
Another SWI for a 2-point Green funtion will be alulated now to show a new
eet.
kµJ µ !=
p2
k
+
p1
k
(9.27)
F.T. 〈0 T (δξGν(x1))λ(x2) 0〉 δ4(x1 − y)
+ F.T. 〈0 TGν(x1) (δξλ(x2)) 0〉 δ4(x2 − y)
= − F.T. 〈0 Tλ(x2)λ(x1)γνγ5ξ 0〉 δ4(x1 − y)
− i
2
F.T.
〈
0 TGν(x1)(∂
x2
α Gβ(x2))[γ
α, γβ]γ5ξ 0
〉
δ4(x2 − y)
!
= kµF.T.
〈
0 TξJµ(y)Gν(x1)λ(x2) 0
〉
=
1
2
kµF.T.
〈
0 Tλ(x2)λ(y)γ
5γµ[γ
α, γβ](∂yαGβ(y))Gν(x1)ξ 0
〉
, (9.28)
i.e.
i
/p2
γνγ
5ξ − 1
2
i
p21
[−/p1, γν ]γ5ξ
!
=
1
2
(−1)(pµ1 + pµ2 )
−i
/p2
γ5γµ[γ
α, γβ ](−ip1,α)−iηβν
p21
ξ (9.29)
Multipliation by a fator i and simpliation yields the result
−1
/p2
γνγ
5ξ − 1
2
1
p21
[/p1, γν ]γ
5ξ
!
=
1
2
1
/p2
γ5(/p1 + /p2)[/p1, γν ]
1
p21
ξ = −1
2
1
p21
[/p1, γν ]γ
5ξ − 1
2
γ5
1
/p2
/p1[/p1, γν ]
1
p21
ξ
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= −1
2
1
p21
[/p1, γν ]γ
5ξ − 1
/p2
γνγ
5ξ +
1
/p2
/p1
p21
p1,νγ
5ξ (9.30)
Astonishingly there is an additional term on the side of the urrent so that this SWI is
not fullled o-shell. But we notie that this additional (the third) term is proportional
to the momentum of the gauge boson. Using LSZ redution (multiplying with the
inverse propagator and with the polarization vetor) and setting the partiles on the
mass shell yields zero by gauge boson transversality. Hene, on-shell the SWI is valid.
Now we attak a more ompliated example, a 3-point funtion. In formula (7.6) we
hoose  together with the urrent insertion  the elds A(x1), Gν(x2) and Ψ(x3). We
get four nonvanishing ontributions from the SUSY transformations of these elds.
F.T.
〈
0 TξΨ(x1)Gν(x2)Ψ(x3) 0
〉
= +ie
(−i)
p22
i
/p3
γνγ
5 i
/p1 + /k
ξ (9.31a)
F.T.
〈
0 TA(x1)(−ξγνγ5λ(x2))Ψ(x3) 0
〉
= −ie i
p21
i
/p3
i
/p2 + /k
γνγ
5ξ (9.31b)
F.T.
〈
0 TA(x1)Gν(x2)(−γ5/∂B(x3)ξ) 0
〉
=
+ ie
i
p21
−i
p22
(p3,ν − p1,ν + kν)
i
(p3 + k)2
γ5(/p3 − /k)ξ (9.31)
F.T.
〈
0 TA(x1)Gν(x2)(−γµ(GµA)(x3)γ5ξ) 0
〉
=
i
p21
−iηµν
p22
(−e)γµγ5ξ (9.31d)
The last term inludes a omposite operator insertion oming from the nonlinearities in
the urrent of the supersymmetry due to the de Wit-Freedman transformation (others
stem from the elimination of the auxiliary elds). For the rst two proesses one has to
take are of the sign of the rightmost fermion propagator whose alulational diretion
is opposite to the momentum ow.
Now we have to alulate the 4-point funtion with urrent insertion; there are four
ontributing diagrams (again we use the trik to rewrite ξJµ as Jµξ, whih brings the
propagator of the matter fermion to the rightmost position in the fermion line):
+ + +
(9.32)
F.T.
〈
0 TJµ(y)ξA(x1)Gν(x2)Ψ(x3) 0
〉
=
i
p21
−i
p22
−i
/p3
(
F.T.
〈
0 TJµ(y)A(x1)Gν(x2)Ψ(x3) 0
〉
amp.
)
ξ (9.33)
Note the momentum ow for the sign of the fermion propagator.
F.T.
〈
0 TJµ(y)A(x1)Gν(x2)Ψ(x3) 0
〉
amp.
ξ = −ieγµγ5γνξ
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− ie i
/p2 + /k
(
−1
2
)
(−ip2,α)γµγ5[γα, γν ]ξ + ieγνγ5 i
/p1 + /k
γµ(−i/p1)ξ
+
i
(p3 + k)2
e (p1,ν − p3,ν − kν) iγµγ5i (/p3 + /k) ξ (9.34)
with kµ = −(p1 + p2 + p3)µ
−i
/p3
1
p21p
2
2
kµF.T.
〈
0 TJµ(y)A(x1)Gν(x2)Ψ(x3) 0
〉
amp.
ξ
= − i
/p3
1
p21p
2
2
{
+ie (/p1 + /p2 + /p3) γ
5γν +
ie
2
1
/p1 + /p3
(/p1 + /p2 + /p3) γ
5[/p2, γν ]
− ie (p1,ν − p3,ν + kν) 1
(p3 − k)2 (/p1 + /p2 + /p3) γ
5 (/p1 + /p2)
+ ieγνγ
5 1
/p2 + /p3
(/p1 + /p2 + /p3) /p1
}
ξ
= − e
p21p
2
2
γνγ
5ξ − e
p21p
2
2
1
/p3
(/p1 + /p2) γνγ
5ξ
+
e
2
1
p21p
2
2
1
/p3
γ5[/p2, γν ]ξ +
e
p21
1
/p3
1
/p1 + /p3
γνγ
5ξ − e
p21p
2
2
1
/p3
1
/p1 + /p3
/p2p2,νγ
5ξ
+
e
p21p
2
2
1
/p3
(2p1,ν + p2,ν) γ
5ξ − e
p21p
2
2
(2p1,ν + p2,ν)
1
(p1 + p2)2
γ5 (/p1 + /p2) ξ
+ e
1
p21p
2
2
1
/p3
γνγ
5/p1ξ + e
1
p22
1
/p3
γνγ
5 1
/p2 + /p3
ξ (9.35)
The rst term from the rst line, eah of the seond terms from the seond and third
line as well as the seond term from the last line yield the sum of the four ontat terms
with the SUSY transformed elds, given by:
e
1
p22
1
/p3
γνγ
5 1
/p2 + /p3
ξ + e
1
p21
1
/p3
1
/p1 + /p3
γνγ
5ξ − e
p21p
2
2
γνγ
5ξ
− e 1
p21
1
p22
(2p1,ν + p2,ν)
1
(p1 + p2)2
γ5(/p1 + /p2)ξ (9.36)
The remaining terms sum up to
− e
p21p
2
2
1
/p3
1
/p1 + /p3
/p2p2,νγ
5ξ (9.37)
Again the term violating the o-shell validity of the SWI is proportional to the momen-
tum of the gauge boson as observed for the seond of our 2-point funtion examples
〈0 T [[Q(ξ), Gµ(x1)λ(x2)]] 0〉, so that it will not survive LSZ redution.
One is tempted to say that it is the external gauge boson's fault but this allegation
is ontradited by another example not ontaining any gauge boson,
kµF.T.
〈
0 T
[
ξJµA(x1)B(x2)λ(x3)
]
0
〉
?
= F.T.
〈
0 T
[
(ξΨ(x1))B(x2)λ(x3)
]
0
〉
δ4(x1 − y)
+ F.T.
〈
0 T
[
A(x1)(iξγ
5Ψ(x2))λ(x3)
]
0
〉
δ4(x2 − y)
− i
2
F.T.
〈
0 T
[
A(x1)B(x2)∂αGβ(x3)[γ
α, γβ]γ5ξ
]
0
〉
δ4(x3 − y) (9.38)
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There are three diagrams ontributing at tree level to the Green funtion with urrent
insertion:
+ + (9.39)
All momenta are understood as inoming (kµ is the momentum inux through the
urrent). With the relation
[(/p1 + /p2), (/p1 − /p2)] = −2[/p1, /p2] (9.40)
we an alulate the three diagrams (for simpliity we multiply the relation by a fator
+i)
−i(p1+p2+p3)µ
(
− ie
p21p
2
2/p3
){
1
(p1 + p2)2
γµ[/p1, /p2]− 1
/p1 + /p3
γµ/p2+
1
/p2 + /p3
γµ/p1
}
γ5ξ
= − e
p21p
2
2(p1 + p2)
2
[/p1, /p2]γ
5ξ − e
p21p
2
2(p1 + p2)
2/p3
(/p1 + /p2)[/p1, /p2]γ
5ξ
+
e
p21p
2
2/p3
/p2γ
5ξ +
e
p21/p3
1
/p1 + /p3
γ5ξ − e
p21p
2
2/p3
/p1γ
5ξ − e
p22/p3
1
/p2 + /p3
γ5ξ
The rst part of the identity
(/p1 + /p2)[/p1, /p2] = −(p1 + p2)2(/p1 − /p2) + (/p1 + /p2)
(
p21 − p22
)
, (9.41)
inserted into the seond term of the analytial expression for the urrent Green funtion
anels its third and fth term. It remains:
ikµ F.T. 〈0 T [JµA(x1)B(x2)λ(x3)] 0〉 = − e
p21p
2
2(p1 + p2)
2
[/p1, /p2]γ
5ξ
− e
p21p
2
2(p1 + p2)
2/p3
(/p1 + /p2)(p
2
1 − p22)γ5ξ +
e
p21/p3
1
/p1 + /p3
γ5ξ − e
p22/p3
1
/p2 + /p3
γ5ξ
(9.42)
The three ontat terms yield (again multiplied by +i)
− e
p22/p3
1
/p2 + /p3
γ5ξ +
e
p21/p3
1
/p1 + /p3
γ5ξ − e
p21p
2
2(p1 + p2)
2
[/p1, /p2]γ
5ξ. (9.43)
We see that the dierene of the left and right hand sides of the SWI is an additional
term from the Green funtion with urrent insertion, the seond one on the right hand
side of (9.42), proportional to the dierene of the squared momenta of the salar and
pseudosalar partiles whih vanishes on-shell but need not to do so o-shell.
As a nal statement we an say that everything is ne when treating SWI alulated
with the urrent as on-shell identities. But there are two obstales: Ward-Takahashi
identities for on-shell amplitudes do not provide tests as stringent as do o-shell am-
plitudes sine they only hek the urrent's ouplings to external lines. Hene it would
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be more satisfying to have also o-shell heks for the onsisteny at hand. That is
the pratial point; but more disturbing is the theoretial aspet: Why are the SWI
not fullled o-shell? The deeper ause is that supersymmetry is no longer a symmetry
of the S-matrix for SUSY gauge theories. As will be explained in the next part, the
gauge-xing proedure required for the quantization of gauge theories is not ompatible
with SUSY, sine it breaks the invariane of the ation under supersymmetry. This
restrits the validity of the SWI built with the urrent from the whole Hilbert spae to
its physial part. From this it is lear, that in the ase of supersymmetri gauge theories
the SWI presented in this part are only fullled for physial on-shell states. The next
part will bring a way to get rid of that obstale.
Part III
SUSY Slavnov-Taylor identities
79

81
The problem of supersymmetri gauge theories that Ward identities of the supersym-
metry are not valid o-shell, arises from the fat that the superharge does no longer
ommute with the S-operator, or in other words, it is no longer onstant in time, f. [18℄.
As derived therein, the dierene of the ation of the SUSY harge operator on the spae
of asymptoti in and asymptoti out states is the BRST transformation of the derivative
of the eetive ation with respet to the ghost of the supersymmetry:
Q
out
−Q
in
= i
[
Q
BRST
,
∂Γ
e
∂ǫ
]
(III.1)
This an be rewritten, in the language of [24℄, as a ommutator of the SUSY harge
with the S-operator
[Q
in
, S] = −i
[
Q
BRST
,
∂Γ
e
∂ǫ
◦ S
]
, (III.2)
where the symbol ◦means that the derivative of the eetive ation has to be understood
as an operator insertion on the right hand side. The right hand side vanishes between
physial states, so the SUSY harge  if not onserved on Hilbert spae  is a onserved
symmetry operator on the ohomology of the BRST harge, the physial Hilbert spae.
There are some remarks in order: Following the pioneering idea of Peter L. White
[17℄ we enlarge the BRST formalism not only to inlude supersymmetry transforma-
tions but also translations. As long as supergravity is not onsidered, supersymmetry
remains a global symmetry and hene the ghosts of supersymmetry being ommuting
spinors are onstants, as well as the translation ghosts. This allows a ltration, a power
series expansion of funtionals and also of Slavnov-Taylor identities with respet to the
onstant ghosts. Sine they are onstant, we were able to take an ordinary deriva-
tive in (III.1) instead of a funtional one. Using the BRST formalism, the nonlinear
representation of supersymmetry auses no problems for renormalization any longer,
but we are not interested in that topi here. The ruial point being responsible for
the nononservation of the SUSY harge, eq. (III.1), is that gauge xing, neessary for
onstruting a well-dened perturbation theory for quantized gauge theories, does not
take plae in a SUSY invariant manner and hene breaks supersymmetry  fortunately
only in the unphysial setor of Hilbert spae. Another noteworthy matter is the fat
that the enlarged BRST algebra initially loses only on-shell, whih an be remedied
by the Batalin-Vilkovisky formalism [16℄, introduing quadrati terms for the soures of
the non-linear parts of the BRST transformations (those for the fermions), sometimes
alled antields. However, in lowest order perturbation theory we do not have to take
are of that subtlety.
The important thing for us is that with the generalization of the BRST formalism
we have a possibility at hand to alulate o-shell identities for supersymmetry  the
Slavnov-Taylor identities (STI) of the generalized BRST algebra in lowest order pertur-
bation theory. The prize to pay for this is the proliferation of several kinds of ghosts
and BRST verties. The details of this formalism and its appliation to supersymmet-
ri gauge theories will be the ontent of this part. Therein we obtain strong insights
into the struture of supersymmetri STI. In partiular, we will see that in the Abelian
ase the Faddeev-Popov ghosts do no longer deouple from matter when onsidering
SUSY STI. An example for the non-Abelian ase reveals the details of the anellations
between the gauge and the SUSY parts of the BRST transformations and shows that
almost all ingredients for a non-Abelian model are neessary to fulll the STI there.
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Chapter 10
BRST formalism and SUSY
transformations
10.1 Denitions of the ghosts
In this setion we try to solve the problem of the ghosts' properties onerning reality
and statistis. We take aount of the existene of not only the gauge ghosts (Faddeev-
Popov ghosts) but also of ghosts for translations and SUSY transformations. This is
neessary to ahieve losure of the algebra, as well as nilpoteny for the BRST harge.
We will disuss this in detail in the sequel.
Let us onsider a pure gauge transformation with real gauge (transformation) pa-
rameter θa ∗ = θa, with a being the index of the gauge group. The ghost of a gauge
symmetry an be derived by splitting a Grassmann odd, onstant parameter λ from
the gauge parameter; from the parameter being, of ourse, itself spaetime dependent,
remains a Grassmann odd spaetime dependent eld, the (Faddeev-Popov) ghost. As
it is not onsistent to hoose ghost and antighost as Hermitean adjoints of eah other
the obvious alternative is to onsider both as real, i.e. Hermitean elds. The ghost
is an antiommuting salar eld whih (as unphysial degree of freedom) violates the
spin-statistis theorem; this would be the ase for all ghosts. From the Hermitiity of
the ghost it follows that the parameter λ is imaginary:
R ∋ θa = λca (λca)∗ = caλ∗ = −λ∗ca ⇒ λ∗ = −λ (10.1)
We have to proeed in the same manner for the SUSY transformation parameter (at
rst, we use the two omponent notation) and establish SUSY ghosts: transformation
parameter ξα, ξ¯α˙ −→ SUSY ghosts ǫα, ǫ¯α˙. If we dene
ξα = λǫα, (10.2)
use the property (ξα)∗ = ξ¯α˙ and require the same relation to hold for the SUSY ghosts
(ǫα)
∗
= ǫ¯α˙ (this is neessary for onsisteny as there is an idential relation between
the orresponding generators Qα and Q¯α˙ of their SUSY transformations), we get the
following identity:
(ξα)∗ = (λǫα)∗ = λ∗(ǫα)∗ = −λǫ¯α˙ != ξ¯α˙, (10.3)
83
84 CHAPTER 10. BRST FORMALISM AND SUSY TRANSFORMATIONS
so altogether
ξα = λǫα, ǫ¯α˙ = −λǫ¯α˙. (10.4)
Introduing the bispinor notation now,
ξ ≡
(
ξα
ξ¯α˙
)
, ǫ ≡
(
ǫα
ǫ¯α˙
)
, (10.5)
we get the nal result:
ξ = −λγ5ǫ (10.6)
For deriving an analogous relation for the translation ghosts we note, that in general
an innitesimal translation of a funtion has the form
δaf(x) = a
µ∂µf(x). (10.7)
[18℄ and [27℄ adopt the following onventions
aµ = iλωµ (10.8)
for the onnetion between transformation parameter and translation ghost. The trans-
lation (of ourse only as a global symmetry here) is a bosoni symmetry like (ordinary)
gauge symmetry, so the translation ghost ωµ is a Grassmann odd vetor. From the
reality of the transformation parameter aµ we onlude with the help of
R
4 ∋ aµ ⇒ (iλωµ)∗ = −iωµ ∗λ∗ = +iλ∗ωµ ∗ = −iλωµ ∗ != iλωµ (10.9)
=⇒ ωµ ∗ = −ωµ (10.10)
We summarize the properties of all ghosts in the following table (ds is the unspeied
dimension of the BRST harge).
Ghost Dim. Grassmann P. Charge Ghost Number
c s 1 0 +1
c¯ 2− ds 1 0 −1
ǫ ds − 12 0 0 +1
ωµ ds − 1 1 0 +1
10.2 BRST symmetry in our Abelian toy model
10.2.1 The model
To illustrate the BRST formalism for supersymmetri gauge theories in detail, we use
the Abelian toy model invented in the last part in the ontext of the supersymmetri
urrent. The Lagrangean density, the eld ontent, the propagators, verties, equations
of motion, as well as the SUSY transformations an be found in the appendix.
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10.2.2 BRST transformations
With the above given denitions for the ghosts and the summary of transformations
from the appendix we an immediately write down the BRST transformations for our
Abelian toy model
sA(x) = −ec(x)B(x) − ǫγ5Ψ(x)− iων∂νA(x) (10.11a)
sB(x) = +ec(x)A(x) − iǫΨ(x)− iων∂νB(x) (10.11b)
sΨ(x) = −iec(x)γ5Ψ(x) + i(/∂ − ie /Gγ5)(A(x)γ5 + iB(x))ǫ − iων∂νΨ(x) (10.11)
sΨ(x) = ieΨ(x)γ5c(x)− iǫ(/∂ + ieγ5 /G)(A(x)γ5 − iB(x)) − iων∂νΨ(x) (10.11d)
sλ(x) =
i
2
Fαβ(x)γ
αγβǫ +
e
2
(
A2(x) +B2(x)
)
γ5ǫ− iων∂νλ(x) (10.11e)
sλ(x) = − i
2
ǫFαβ(x)γ
αγβ +
e
2
ǫγ5
(
A2(x) +B2(x)
) − iων∂νλ(x) (10.11f)
sGµ(x) = ∂µc(x)− ǫγµλ(x) − iων∂νGµ(x) (10.11g)
sc(x) = iǫγµǫGµ(x)− iων∂νc(x) (10.11h)
sc(x) = iB˜(x)− iων∂νc(x) (10.11i)
sB˜(x) = ǫγµǫ∂µc(x) − iων∂νB˜(x) (10.11j)
sǫ = 0 (10.11k)
sωµ = ǫγµǫ (10.11l)
We have denoted the Nakanishi-Lautrup eld by B˜ to avoid onfusion with the pseu-
dosalar eld. To derive the identities for adjoint elds we use that for bosoni elds B
and for fermioni elds F the relations
sB† = (sB)†, sF † = −(sF )†. (10.12)
hold. In the ase of the adjoint spinors we have to take are of the ommutation
properties of the several elds. The rst part of (10.11)  if present  stems from the
gauge transformation, the seond from the SUSY transformation, and the last obviously
from translation. The somewhat strange looking and unmotivated transformations of
the several ghosts are neessary for the losure of the algebra (f. [17℄, [18℄) and an be
understood from examination of the super-Poinaré algebra.
It is not hard to hek that the BRST transformation is nilpotent exept for the
transformation of the fermion elds, where the square of the BRST operator gives the
equation of motion for them:
s2A = s2B = s2Gµ = s
2c = s2c = s2B˜ = s2ǫ = s2ωµ = 0,
s2Ψ = −1
2
(ǫγµǫ)γµ
δΓ
δΨ
, s2λ = −1
4
(ǫγµǫ)γµ
δΓ
δλ
(10.13)
For the derivation of the identity for the matter fermion one has to multiply use the
Fierz identities. As the alulations are a little bit intriate, we show one example for
the matter fermion:
s2Ψ = − ie(sc)γ5Ψ+ iecγ5(sΨ) + i(/∂ − ie /Gγ5) ((sA)γ5 + i(sB)) ǫ
+ eγµ(sGµ)γ
5
(
Aγ5 + iB
)
ǫ− i(sων)∂νΨ+ iων∂ν(sΨ)
= e(ǫγµǫ)Gµγ
5Ψ− eων(∂νc)γ5Ψ+ e2c2Ψ − ecγ5(/∂ − ie /Gγ5)
(
Aγ5 + iB
)
ǫ
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+ ecγ5ων∂νΨ+ i(/∂ − ie /Gγ5)iecγ5
(
Aγ5 + iB
)
ǫ
+ i(/∂ − ie /Gγ5)(−i)ων∂ν
(
Aγ5 + iB
)
ǫ+ i(/∂ − ie /Gγ5) [(ǫΨ)− (ǫγ5Ψ)γ5] ǫ
+ e(/∂c)γ5
(
Aγ5 + iB
)
ǫ− eγµ(ǫγµλ)γ5
(
Aγ5 + iB
)
ǫ
− ieων(∂ν /G)γ5
(
Aγ5 + iB
)
ǫ− i(ǫγνǫ)∂νΨ+ eων∂ν(cγ5Ψ)
− ων∂ν(/∂ − ie /Gγ5)
(
Aγ5 + iB
)
ǫ+ ωµων∂µ∂νΨ+ i
2e(/∂c)γ5
(
Aγ5 + iB
)
ǫ
(10.14)
Underlined terms anel eah other, while doubly underlined ones vanish identially.
Sorting and ordering the remaining terms we are left with:
s2Ψ = −i(ǫγµǫ) (∂µΨ+ ieGµγ5Ψ)+ i(/∂ − ie /Gγ5) [(ǫΨ)− (ǫγ5Ψ)γ5] ǫ
− eγµ(ǫγµλ)γ5
(
Aγ5 + iB
)
ǫ (10.15)
We use the following Fierz identities
(ǫΨ)ǫ =
1
8
(ǫσµνǫ)σ
µνΨ+
1
4
(ǫγµǫ)γµΨ (10.16a)
(ǫγ5Ψ)γ5Ψ =
1
8
(ǫσµνǫ)σ
µνΨ− 1
4
(ǫγµǫ)γµΨ. (10.16b)
For ommuting Majorana spinors the salar, pseudosalar and pseudovetorial ombi-
nations vanish due to the symmetry properties of Majorana bilinears ǫΓǫ. We get for
the seond term of (10.15):
i(/∂ − ie /Gγ5) [(ǫΨ)− (ǫγ5Ψ)γ5] ǫ
= −1
2
(ǫγµǫ)iγµ(/∂ + ie /Gγ
5)Ψ + i(ǫγµǫ)
(
∂µ + ieGµγ
5Ψ
)
(10.17)
Here we have used the Dira algebra; the seond term anels the rst from (10.15).
When Fierzing the last term, only the vetor ombination is nonvanishing and we an
diretly write down:
−eγµ(ǫγµλ)γ5
(
Aγ5 + iB
)
ǫ =
1
2
(ǫγµǫ)eγµ
(
A− iBγ5)λ (10.18)
Summing up all terms gives the desired result.
10.3 Gauge xing and kineti ghost term
For the quantization of a gauge theory we have to arry out a gauge xing in the usual
way.
S
GF+FP
= −i
∫
d4x s(cF ) = −i
∫
d4x [(sc)F − c(sF )] (10.19)
F is the gauge xing funtion:
F = ∂µG
µ +
ξ
2
B˜. (10.20)
By ξ we denote the gauge parameter, not to be onfused with the (antiommuting)
SUSY transformation parameter. After applying the BRST transformation the terms
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ontaining the translation ghost ωµ anel out sine the gauge xing funtion is trans-
lation invariant. It remains:
S
GF+FP
=
∫
d4x
{
B˜∂µG
µ +
ξ
2
B˜2 + icc− ic(ǫ/∂λ) + i ξ
2
c(ǫγµǫ)∂µc
}
(10.21)
Integrating out the Nakanishi-Lautrup eld gives:
S
GF+FP
=
∫
d4x
{
− 1
2ξ
(∂µG
µ)2 + icc− ic(ǫ/∂λ) + i ξ
2
c(ǫγµǫ)∂µc
}
(10.22)
The ontributions with the derivative of the gauge eld yield, together with the terms
from the kineti part, the gauge boson propagator in Rξ gauge:
Gµ(−p) Gν(p) = −i
p2 + iǫ
(
ηµν − (1− ξ)pµpν
p2
)
(10.23)
Furthermore we get the ghost propagator:
c(−p) c(p) = −1
p2 + iǫ
(10.24)
But there also arise two new verties ontaining the gauge antighosts as well as the SUSY
ghosts. Albeit being an Abelian model the ghosts do not deouple from the (matter)
elds. To say it sloppily, sine supersymmetry and gauge symmetry are not ommuting
subalgebras in the de WitFreedman desription, the model beomes formally non-
Abelian. The two verties are
c(−p)
λ(p)
ǫ
= −i/p (10.25a)
ǫ
c(−p)
ǫ
c(p)
= ξ/p (10.25b)
For the four-ghost vertex there is a symmetry fator two for the gauge antighost, but
no symmetry fator for the SUSY ghost. This is beause the SUSY ghost is a onstant,
so what we do is merely a Taylor expansion in the power of the SUSY ghosts where the
fatorials anel the symmetry fators. Only the gauge ghosts are propagating elds,
all other ghosts are simply onstant insertions. The blak box in the Feynman diagrams
should indiate that for the onstane of the ghost the line ends there.
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10.4 Slavnov-Taylor identities in the Abelian toy
model
In this setion we want to review the Green funtions from the last setion of the seond
part in the light of the BRST formalism and the Slavnov-Taylor identities. There is no
one-to-one orrespondene between the Ward identities of the last part and the Slavnov-
Taylor identities; but one an replae the urrent insertion from the SWI by the BRST
harge ating on the same string of elds as in the SWI. So for the rst example where
the SWI had not been valid o-shell we write down the STI
1
〈0 T [{Q
BRST
, Gν(x1)λ(x2)}] 0〉 = 0 wegen QBRST |0〉 = 0. (10.26)
There are three (!) ontributing diagrams:
k →x y
+
k →x y
+ k ց
x y
(10.27)
For the BRST verties we use the notations of [13℄. The rst diagram yields
−〈0 T [(ǫγνλ(x))λ(y)] 0〉 = +
〈
0 T
[
λ(y)(λ(x)γνǫ)
]
0
〉
=
i
/k
γνǫ. (10.28)
Several signs have to be aounted for: (ǫγνλ) = +(λγνǫ), as ǫ is ommuting; for the
same reason: (λγνǫ)λ = −λ(λγνǫ).
From the seond diagram we get
i
2
〈
0 T
[
Gν(x)Fαβ(y)γ
αγβǫ
]
0
〉
=
i
2
−iηνβ
k2
(−ikα)[γα, γβ]ǫ = − i
2
1
k2
[/k, γν ]ǫ. (10.29)
After insertion of an interation operator the third diagram ontributes
〈0 T [∂xν c(x)λ(y)] 0〉 = −
〈
0 T
[
∂xν c(x)c(y)λ(y)(λ(z)
←
/∂z ǫ)
]
0
〉
= −−1
k2
(ikν)
i
/k
(i/k)ǫ = − ikν
k2
. (10.30)
Adding the three terms yields
i
/k
γνǫ− i
2
1
k2
[/k, γν ]ǫ− ikν
k2
=
i
/k
γνǫ− i
/k
γνǫ +
ikν
k2
− ikν
k2
= 0. (10.31)
The STI is in ontrast to the SWI fullled o-shell (and therefore automatially
on-shell). Note the ruial importane of the term where the two ghosts ouple to the
gaugino.
We now turn to the more omplex examples. At rst,
0 = 〈0 T [{Q
BRST
, A(x1)Gν(x2)Ψ(x3)}] 0〉
1
All alulations in this hapter are done in the Feynman gauge, ξ ≡ 1, but as is easily seen all
alulations go through analogously for a general Rξ gauge and are therefore independent from the
hoie of gauge.
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= − e 〈0 T [c(x1)B(x1)Gν(x2)Ψ(x3)] 0〉+
〈
0 T
[
(Ψ(x1)γ
5ǫ)Gν(x2)Ψ(x3)
]
0
〉
+ 〈0 T [A(x1)(∂νc(x2))Ψ(x3)] 0〉 −
〈
0 T
[
A(x1)(λ(x2)γνǫ)Ψ(x3)
]
0
〉
− ie 〈0 T [A(x1)Gν(x2)c(x3)γ5Ψ(x3)] 0〉
+ i
〈
0 T
[
A(x1)Gν(x2)
(
/∂ − ie /G(x3)γ5
) (
A(x3)γ
5 + iB(x3)
)
ǫ
]
0
〉
(10.32)
The rst and the penultimate Green funtion do not ontribute. Graphially the seond
Green funtion in (10.32) yields
k2 տ
−(k1 + k2) ւ
k1 → (10.33)
and analytially
−−iηνβ
k22
i
/k1 + /k2
ieγ5γβ
i
/k1
γ5ǫ =
e
k22
1
/k1 + /k2
γν
1
/k1
ǫ (10.34)
As was the ase for the 2-point funtion, a term from the third Green funtion in (10.32)
does exist with an additional interation vertex here, too:
k1 տ
ւ −(k1 + k2)k2 →k2 ց
(10.35)
It yields
−(ik2,ν) i
k21
i
/k1 + /k2
(−ie) i
/k2
i/k2
−1
k22
ǫ =
ek2,ν
k21k
2
2
1
/k1 + /k2
ǫ (10.36)
The fourth Green funtion with the diagram
k1 տ
−(k1 + k2) ւ
k2 → (10.37)
gives the result
i
k21
i
/k1 + /k2
(−ie) i
/k2
γνǫ = − e
k21
1
/k1 + /k2
1
/k2
γνǫ (10.38)
From the last Green funtion there are two ontributions,
−〈0 T [A(x1)Gν(x2)/∂B(x3)] 0〉+ e
〈
0 T
[
A(x1)Gν(x2)γ
λ(GλA)(x3)ǫ
]
0
〉
(10.39)
with the two diagrams (k12 ≡ k1 + k2)
k2 տ
ւ k1−k12 →
k1 ր տ k2 . (10.40)
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The right diagram yields the analytial expression
e
i
k21
−iηνλ
k22
γλǫ =
e
k21k
2
2
γνǫ , (10.41)
while the left diagram gives the result
− i
k21
−iηνβ
k22
i
(k1 + k2)2
e(k1 + (k1 + k2))
β(−i)(/k1 + /k2)ǫ
=
−e
k21k
2
2(k1 + k2)
2
(2k1 + k2)ν(/k1 + /k2)ǫ (10.42)
The sum of all four terms vanishes:
e
k22
1
/k1 + /k2
γν
1
/k1
ǫ+
ek2,ν
k21k
2
2
1
/k1 + /k2
ǫ− e
k21
1
/k1 + /k2
1
/k2
γνǫ+
e
k21k
2
2
γνǫ
− e
k21k
2
2(k1 + k2)
2
(2k1 + k2)ν(/k1 + /k2)ǫ
=
e
k21k
2
2(/k1 + /k2)
{
γν/k1 + k2,ν − /k2γν + (/k1 + /k2)γν − (2k1 + k2)ν
}
ǫ = 0 (10.43)
So this STI is fullled. Let us hek the other example from the earlier part of the text
as well.
0 = 〈0 T [{Q
BRST
, A(x1)B(x2)λ(x3)}] 0〉
= − e 〈0 T [c(x1)B(x1)B(x2)λ(x3)] 0〉+
〈
0 T
[
(Ψ(x1)γ
5ǫ)B(x2)λ(x3)
]
0
〉
+ e 〈0 T [A(x1)c(x2)A(x2)Ψ(x3)] 0〉+ i
〈
0 T
[
A(x1)(Ψ(x2)ǫ)λ(x3)
]
0
〉
+
i
2
e
〈
0 T
[
A(x1)B(x2)∂αGβ(x3)[γ
α, γβ]ǫ
]
0
〉
+
e
2
〈
0 T
[
A(x1)B(x2)
(
A2(x3) +B
2(x3)
)
γ5ǫ
]
0
〉
(10.44)
The only vanishing term is the last one with trilinear terms from the BRST transfor-
mations. The nonvanishing ontributions are (k12 = k1 + k2):
տ k2
−k12 ւ
k1 → = −
ie
k22
1
/k1 + /k2
1
/k1
ǫ (10.45)
տ k1
−k12 ւ
k2 → =
ie
k21
1
/k1 + /k2
1
/k2
ǫ (10.46)
տ k2
k1 ւ
−k12 → =
ie
2k21k
2
2(k1 + k2)
2
[/k1 + /k2, /k1 − /k2]ǫ (10.47)
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ւ −k12→ k12
k1 ր = −
ie
k21(k1 + k2)
2
ǫ (10.48)
ւ −k12→ k12
k2 ր =
ie
k22(k1 + k2)
2
ǫ (10.49)
Adding up the ve ontributions yields:
ie
k21k
2
2(k1 + k2)
2
{
−(/k1 + /k2)/k1 + (/k1 + /k2)/k2 − [/k1, /k2] − k22 + k21
}
ǫ = 0 (10.50)
This STI is valid, too.
From this examples it an be seen that the formalism of Slavnov-Taylor identities
with the inlusion of the onstant SUSY ghosts does indeed work for supersymmetri
gauge theories. Let us give some omments about that: We only alulated the lowest
order of the STI in the gauge oupling onstant and the SUSY ghost (rst order) and the
translation ghost (zeroth order). This kind of identities an easily be extended to higher
orders in the number of the onstant ghosts due to the ltration property of funtionals
and Hilbert spae, but not in this model to higher orders in the gauge oupling sine
that speial model arries an anomaly and the symmetry is spoiled when going to the
one-loop level or beyond.
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Chapter 11
Non-Abelian gauge theories:
SU(N )
The generalization of the ideas and formalisms for supersymmetri gauge theories and
BRST quantization developed up to now to the non-Abelian ase is the topi of this
hapter. For the sake of simpliity we restrit ourselves to the speial unitary groups
SU(N); within these gauge groups the struture of the verties of four salar partiles
is very simple. For more general gauge groups f. [28℄.
We onsider an SQCD-like model with two (matter) superelds Φˆ+ and Φˆ− and
their Hermitean adjoints. In this model the fermion beomes a Dira fermion by om-
bining the left-handed omponents of the +-supereld with those of the onjugated
−-supereld. Quadrati superpotential terms are allowed here, ubi are still forbidden
by gauge invariane. The Abelian limit of this model will give SQED, the supersym-
metri extension of quantum eletrodynamis.
The main part of the model's details onerning Lagrangean density, equations of
motion, propagators, Feynman rules, et. an be found in appendix E.5. After diago-
nalizing the mass terms of the fermions, the model ontains two harged salar elds
φ+ and φ− living in the fundamental representation and its omplex onjugate, respe-
tively, as well as a harged fermion Ψ in the fundamental representation. Moreover
there is the gauge boson Aµ, the gaugino λ, the ghost c and the antighost c¯, eah in the
adjoint representation.
The BRST transformations of these elds are:
sφ+,i(x) = −igca(x)T aijφ+,j(x) +
√
2 (ǫPLΨi(x)) − iων∂νφ+,i(x) (11.1a)
sφ†+,i(x) = igc
a(x)φ†+,j(x)T
a
ji +
√
2
(
Ψi(x)PRǫ
)− iων∂νφ†+,i(x) (11.1b)
sφ−,i(x) = igca(x)φ−,j(x)T aji −
√
2
(
Ψi(x)PLǫ
)− iων∂νφ−,i(x) (11.1)
sφ†−,i(x) = −igca(x)T aijφ†−,j(x) −
√
2 (ǫPRΨi(x))− iων∂νφ†−,i(x) (11.1d)
sΨi(x) = −igca(x)T aijΨj(x) +
√
2
[
(i/∂ +m)φ+,i(x)PR + (i/∂ −m)φ†−,i(x)PL
+ g /Aa(x)T aij
(
φ+,j(x)PR + φ†−,j(x)PL
)]
ǫ− iων∂νΨi(x) (11.1e)
sΨi(x) = igc
a(x)Ψj(x)T
a
ji +
√
2ǫ
[
PL(i/∂ −m)φ†+,i(x) + PR(i/∂ −m)φ−,i(x)
− g
(
φ†+,j(x)PL + φ−,j(x)PR
)
T aji /A
a(x)
]
− iων∂νΨi(x) (11.1f)
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sAaµ(x) = (Dµc(x))
a − ǫγµλa(x) − iων∂νAaµ(x) (11.1g)
sλa(x) = gfabcc
b(x)λc(x) +
i
2
F aαβ(x)γ
αγβǫ+ g
(
φ†+(x)T
aφ+(x)
)
γ5ǫ
− g
(
φ−(x)T aφ
†
−(x)
)
γ5ǫ − iων∂νλa(x) (11.1h)
sλa(x) = gfabcc
b(x)λc(x)− i
2
ǫγαγβF aαβ(x) + gǫγ
5
(
φ†+(x)T
aφ+(x)
)
− gǫγ5
(
φ−(x)T aφ
†
−(x)
)
− iων∂νλa(x) (11.1i)
sca(x) = −g
2
fabcc
b(x)cc(x) + i(ǫγµǫ)Aµ(x) − iων∂νca(x) (11.1j)
sca(x) = iBa(x)− iων∂νca(x) (11.1k)
sBa(x) = (ǫγµǫ)∂µc
a(x)− iων∂νBa(x) (11.1l)
sǫ = 0 (11.1m)
sωµ = (ǫγµǫ) (11.1n)
The gauge xing is in omplete analogy to the Abelian ase
S
GF+FP
= −i
∫
d4x s(caF a) = −i
∫
d4x [(sca)F a − ca(sF a)] (11.2)
with the gauge xing funtion
F a = ∂µAaµ +
ξ
2
Ba. (11.3)
ξ is the gauge parameter. For the translational invariane of the gauge xing term no
translation ghosts ωµ appear, too, and we get:
S
GF+FP
=
∫
d4x
{
Ba∂µAaµ +
ξ
2
BaBa + ica∂µ(D
µc)a
− ica(ǫ/∂λa) + i ξ
2
ca(ǫγµǫ)∂µc
a
}
(11.4)
Integrating the Nakanishi-Lautrup eld out yields:
S
GF+FP
=
∫
d4x
{
− 1
2ξ
(∂µAaµ)(∂
νAaν) + ic
a∂µ(D
µc)a
− ica(ǫ/∂λa) + i ξ
2
ca(ǫγµǫ)∂µc
a
}
(11.5)
11.1 An example for an STI in SQCD
We just want to show one example for a Slavnov-Taylor identity in supersymmetri
quantum hromodynamis, SQCD:
0
!
=
〈
0 T
[{
Q
BRST
, Aaµ(x1)A
b
ν(x2)λ
c(x3)
}]
0
〉
=
〈
0 T
[
(Dµc)
a(x1)A
b
ν(x2)λ
c(x3)
]
0
〉− 〈0 T [(ǫγµλa(x1))Abν(x2)λc(x3)] 0〉
+
〈
0 T
[
Aaµ(x1)(Dνc)
b(x2)λ
c(x3)
]
0
〉− 〈0 T [Aaµ(x1) (ǫγνλb(x2))λc(x3)] 0〉
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+
i
2
〈
0 T
[
Aaµ(x1)A
b
ν(x2)∂λA
c
κ(x3)[γ
λ, γκ]ǫ
]
0
〉
+
ig
4
〈
0 T
[
Aaµ(x1)A
b
ν(x2)
(
AeλA
f
κ
)
(x3)[γ
λ, γκ]f cef ǫ
]
0
〉
(11.6)
(In the sequel p12 means p1 + p2.)
p2 տ
ւ −p12p1 →p1 ց
a
b
c
+
ր p2
տ −p12
p1 ց
b
a
c
= −F.T.
〈
0 T
[
∂µc
a(x1)c¯
d(z)λc(x3)
(
λd(z)
←
/∂ ǫ
)
Abν(x2)
]
0
〉
−−1
p21
−i
p22
i
/p1 + /p2
gγνf
abc i
/p1
(i/p1)ip1,µǫ =
−igfabc
p21p
2
2(p1 + p2)
2
(/p1 + /p2) γνp1,µǫ
− i
/p1 + /p2
i (/p1 + /p2) ǫ
−1
(p1 + p2)2
·
(−igfabc)p1,ν−i
p22
−1
p21
(ip1,µ) =
−igfabc
p21p
2
2(p1 + p2)
2
p1,µp1,νǫ (11.7)
p1 տ
ւ −p12p2 →p2 ց
b
a
c
+
ր p1
տ −p12
p2 ց
a
b
c
= −F.T.
〈
0 T
[
∂νc
b(x2)c¯
d(z)λc(x3)
(
λd(z)
←
/∂ ǫ
)
Aaµ(x1)
]
0
〉
This is just the earlier result with the replaements (a↔ b), (µ↔ ν), (p1 ↔ p2):
igfabc
p21p
2
2(p1 + p2)
2
(/p1 + /p2) γµp2,νǫ+
igfabc
p21p
2
2(p1 + p2)
2
p2,µp2,νǫ (11.8)
p2 ր
−p12 ւ
p12 →
b
c
a
= −gfadeF.T.
〈
0 T
[(
Adµc
e
)
(x1)c¯
f (z)λc(x3)
(
λf (z)
←
/∂ ǫ
)
Abν(x2)
]
0
〉
This gives the analytial expression:
−gfabc−i
p22
ηµν
−1
(p1 + p2)2
i
/p1 + /p2
i (/p1 + /p2) ǫ =
igfabc
p21p
2
2(p1 + p2)
2
p21ηµνǫ (11.9)
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p1 ր
−p12 ւ
p12 →
a
c
b
= −gf bdeF.T.
〈
0 T
[(
Adνc
e
)
(x2)c¯
f (z)λc(x3)
(
λf (z)
←
/∂ ǫ
)
Aaµ(x1)
]
0
〉
Again we an use the replaements made above:
−igfabc
p21p
2
2(p1 + p2)
2
p22ηµνǫ (11.10)
All of the expressions alulated up to now ame from the gauge part of the BRST
transformations, now we disuss the SUSY part.
տ p2
−p12 ւ
p1 →
b
c
a
= F.T.
〈
0 T
[
Abν(x2)λ
c(x3)
(
λa(x1)γµǫ
)]
0
〉
We have made use of the two following identities:
(ǫγµλ) = +
(
λγµǫ
)
,
(
λ1γµǫ
)
λ2 = −λ2
(
λ1γµǫ
)
. (11.11)
The last diagram yields the analytial expression:
i
/p1 + /p2
−i
(p1 + p2)2
gγνf
abc i
/p1
γµǫ =
igfabc
p21p
2
2(p1 + p2)
2
(/p1 + /p2) γν/p1γµǫ (11.12)
The terms for
տ p1
−p12 ւ
p2 →
a
c
b = F.T.
〈
0 T
[
Aaµ(x1)λ
c(x3)
(
λb(x2)γνǫ
)]
0
〉
are again available by the replaements (a↔ b), (µ↔ ν), (p1 ↔ p2):
−igfabc
p21p
2
2(p1 + p2)
2
(/p1 + /p2) γµ/p2γνǫ (11.13)
The next step is the transformation of the gluino:
տ p2
p1 ւ
← p12
b
a
c =
i
2
F.T.
〈
0 T
[
Aaµ(x1)A
b
ν(x2)∂λA
c
κ(x3)[γ
λ, γκ]ǫ
]
0
〉
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From this diagram we get
i
2
−i
p21
−i
p22
−i
(p1 + p2)2
gfabc(−i)(p1 + p2)λ[γλ, γκ]·[
ηµν (p1 − p2)κ + ηνκ (2p2 + p1)µ + ηµκ (−2p1 − p2)ν
]
ǫ
=
igfabc
p21p
2
2(p1 + p2)
2
1
2
[
ηµν [/p1 + /p2, /p1 − /p2] + (2p2 + p1)µ [/p1 + /p2, γν ]
− (2p1 + p2)ν [/p1 + /p2, γµ]
]
ǫ (11.14)
The nal ontribution to the STI omes from
p2 տ
p1 ւ
b
a
c
=
igf cde
4
F.T.
〈
0 T
[
Aaµ(x1)A
b
ν(x2)
(
AdλA
e
κ
)
(x3)[γ
λ, γκ]ǫ
]
0
〉
It yields (with a symmetry fator two)
i
2
gfabc
−i
p21
−i
p22
[γµ, γν ]ǫ =
−igfabc
p21p
2
2(p1 + p2)
2
1
2
[γµ, γν ] (p1 + p2)
2
ǫ (11.15)
Adding up all the ontributions (11.7)-(11.15) should give zero; in the following
alulation we forget about the ommon prefator igfabc/(p21p
2
2(p1 + p2)
2). First we
ollet all terms ontaining a fator /p1 + /p2. For the terms of the ontribution with the
three-gauge boson vertex we use
1
2
[/p1 + /p2, /a] = (/p1 + /p2) /a− (p1 + p2) · a , (11.16)
while for the last ontributing term we use (p1 + p2)
2 = (/p1 + /p2)(/p1 + /p2). We get
(/p1 + /p2)
{
−γνp1,µ − (2p1 + p2)ν γµ + γµp2,ν + γν/p1γµ − γµ/p2γν + ηµν (/p1 − /p2)
+ (2p2 + p1)µ γν −
1
2
(/p1 + /p2) [γµ, γν ]
}
= (/p1 + /p2)
{
ηµν (/p1 − /p2)− 1
2
(/p1 + /p2) [γµ, γν ] + /p2γµγν − /p1γνγµ
}
=
1
2
(/p1 + /p2) (/p1 − /p2)
[
2ηµν − γµγν − γνγµ
]
= 0. (11.17)
In the seond equation the Dira algebra was used for the fourth and fth term to anel
out all terms with only one gamma matrix (besides the prefator).
The terms that do not ontain any gamma matries yield:
(2p1 + p2)ν (p1 + p2)µ − ηµν (p1 + p2) · (p1 − p2) + ηµν
(
p21 − p22
)
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− (2p2 + p1)µ (p1 + p2)ν − p1,µp1,ν + p2,µp2,ν = 0. (11.18)
So everything anels, and the STI is fullled. Note that this STI ontains almost all
elements of the non-Abelian harater of the theory, the oupling of the gluon to the
ghosts and to the gluinos, and also the three-gluon vertex. This identity would be trivial
in SQED.
11.2 BRST formalism for spontaneously broken su-
persymmetry
For spontaneously broken supersymmetry the BRST formalism brings nothing new.
Sine supersymmetry is a global symmetry, the Goldstino always is a physial partile.
Only in a supergravity theory with a super-Higgs mehanism the Goldstino is eaten up
by the gravitino to make it massive and add the missing two Jz = ± 12 polarizations.
But we do not want to disuss the BRST formalism for supergravity in this thesis.
Part IV
Implementation, Summary and
Outlook
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Chapter 12
Implementation in O'Mega
The Optimizing Matrix Element Generator O'Mega invented by Thorsten Ohl [12℄,
[29℄, [30℄ provides the most eient way to alulate tree level amplitudes available
today. This is ahieved by building up amplitudes reursively by fusions of one-partile
o-shell wave funtions where the redundaies of the diagrammati representation are
removed by a proedure alled ommon subexpression elimination. That is most easily
illustrated by an example, e+e− → µ+µ− with one additional bremsstrahlung quantum:
+
When we onsider the initial state radiation then the muon part (in the dotted box)
remains the same and needs only to be alulated one. If the result of the one alu-
lation is kept in memory and inserted when needed instead of being alulated again,
a lot of omputation time is saved. That is the way O'Mega works and how it is able
to redue the fatorial growth of the number of Feynman diagrams with the number of
external partiles to an exponential, f. table 1.1. This hapter will be rather formal
sine we do not have the spae to go into the details of O'Mega here, they an be found
in the ommented soure ode of the program [30℄.
12.1 BRST verties
As was briey mentioned in the foregoing setion, O'Mega onstruts amplitudes by fus-
ing sets of subamplitudes built up reursively from one-partile o-shell wave funtions
(1POWs) fused out of partitions of the external partiles. The fusion works with k-ary
topologies (k ≥ 2), so that a new 1POW is fused out of two, three or more 1POWs
depending on subsets of the external momenta:
Binary topology
n2
n1
Ternary topology
n3
n2
n1
k-ary topology
nk
n2
n1
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The rst two ases are needed for the Standard Model's 3- and 4-point verties (or
other models') while higher topologies are useful for introduing verties of a degree
higher than four to parameterize irrelevant operator insertions from an eetive theory.
But it is not possible for O'Mega to handle 2-point verties like self energy insertions,
urrent insertions for operator produt expansions, or also BRST verties, sine every
1POW has to be uniquely labelled by the external momenta on whih it depends. So
for O'Mega it would be impossibile to distinguish between a 1POW and one with just
an additional 2-point vertex.
The solution to that problem is not diult: When expressing the theory with the
help of funtionals and for deriving Slavnov-Taylor identities in a funtional language,
then in the eetive ation one has to introdue external soures K for eah BRST
transformation [13℄, [16℄,
i
∫
d4x
∑
allΦ
KΦ · (sΦ) (12.1)
sometimes alled antields. If we add those soures to the partile ontent of an O'Mega
model le then we are able to generate Slavnov-Taylor identities in a manner similar to
using funtional derivatives,
〈0 T [(sΦ)φ1 . . . φn] 0〉 =
〈
0 T
[
φ1 . . . φn
δ
δKΦ
eiΓ(φi,Ki)
]
0
〉∣∣∣∣
Kj=0
.
We also add the BRST verties in the form (12.1) to our model le and generate them
in an amplitude by using the soure as an external partile. There are always two
possibilities to dene partiles (or better: elds) in O'Mega, as propagating, or as being
only insertion. In the rst ase they an appear as virtual partiles in inner lines
while in the latter they are fored to serve exlusively as external partiles. The soure
KΦ, whih always has the same Lorentz struture as the transformed eld Φ, has to
be dened as nonpropagating, sine it just generates a single operator insertion (that
orresponds to setting the soures to zero above). Graphially, we use again the notation
of [13℄ for the BRST vertex, a small square. For the soure we just double the line of
the transformed eld and put a diamond at the end to demonstrate its nature as a pure
insertion (in analogy to the onstant SUSY ghosts). To make this more pitorial we
give an example for the BRST transformation of the matter fermion of our Abelian toy
model from the last part (without the translation ghost, and for simpliity we also omit
the diagrams with the pseudosalar eld B)
KΨ (sΨ) = −iecKΨγ5Ψ+ iKΨ(/∂ − ie /Gγ5)(Aγ5 + iB)ǫ
⇐⇒
From these diagrams we an immediately see the advantages of this onstrution:
Slavnov-Taylor identities (STI) for the gauge symmetries as well as for supersymmetry
an be done in the same formalism, one just has to tell whih ghost should be produed,
c or ǫ. Without the BRST transformation soure the last of the diagrams written
12.1. BRST VERTICES 103
down above would have been an ordinary 3-point vertex and ould have been handled
in the usual manner in O'Mega, but this vertex arises due to the nonlinearities of
supersymmetry (additional to the nonlinear struture of BRST) while most of the BRST
verties are of the type of the leftmost diagrams, and furthermore, the ability to have a
unied formalism for managing all kinds of STI is worth the eort.
The only objetion ould lie in the BRST transformation of the gauge boson into
the derivative of the ghost
sAµ = ∂µc+ . . . ,
whih  even when oupled to the antield  is still only a 2-point vertex. There we
must use a trik: we establish a dummy eld, another nonpropagating loal operator
whih ouples to the BRST soure of the photon and to the ghost, whih we denote by
a tetragram here:
.
This means that for generating an STI  where we have to replae eah of the elds
φi, i = 1, . . . n in 〈0 T [{QBRST, φ1φ2 . . . φn(ghost)}] 0〉 suessively by the soure of its
BRST transformation  eah gauge boson must be replaed not only by the soure of
its BRST transformation but also by the produt of the soure and that loal operator.
By the hoie of ghost we speify whether we want to study a SUSY or a gauge STI.
(Sine the BRST harge has ghost number +1 we must have one ghost in our string of
elds above to get a nontrivial result.) The problem with the one-point vertex an be
avoided by using physial polarization vetors (f. the table at the end of that setion)
for the external states of the BRST transformed vetor bosons, i.e. transversal states
but still o-shell. Sine the BRST vertex with the derivative of the ghost produes
the momentum of that gauge boson, the ontribution from that term vanishes. In
that formalism the gauge boson an be handled as a matter partile in the adjoint
representation of the gauge group. Of ourse, a more stringent test is done by taking
the STIs omponent-wise, where the term ∂µc
a
has been taken aounted for.
There is yet another problem whih is not so diult to resolve with our BRST
soure onstrution: O'Mega produes ode for alulating S-matrix elements, i.e. for
amputated Green funtions, whereas we want to study STI, relations between o-shell
Green funtions usually not amputated. But we an onsider all Green funtions par-
tiipating in our STIs as being amputated while still remaining o the mass shell. So all
external legs of the Green funtions have been multiplied by their inverse propagators
to arrive at a matrix element-like objet, something that an be generated by O'Mega.
For gauge theories one of the elds in the STI must be an antighost whih ombines
with the ghost from the BRST transformation to give a ghost propagator. Dividing
by that ghost propagator anels the ghost propagator in all of the Green funtions
inluding the gauge boson propagator oming from the salar mode of the gauge boson
produed by BRST transforming the antighost. This is lear for exat gauge symme-
tries, whereas for the spontaneously broken ase we present a short proof (we omit the
propagator of the Goldstone boson φ sine it always has the same pole as the ghost,
p2 − ξm2):
(−i)sc¯a = 1
ξ
∂µAaµ +mφ
a
produes the propagator with ontrated momentum:
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1
ξ
(ipµ)
i
p2 −m2
(
−ηµν + (1− ξ)pµpν
p2 − ξm2
)
=
−1
ξ
pν
p2 −m2
(
−1 + (1− ξ)p
2
p2 − ξm2
)
=
1
ξ
pν
p2 −m2
ξ(p2 −m2)
p2 − ξm2 (12.2)
The BRST transformed physial elds (matter elds and gauge bosons) beome in-
ternal lines, but so they are in O'Mega due to our onstrution using the soures,
,
and their propagators are produed automatially in O'Mega. When multiplying with
the inverse propagators of all external partiles there is a mismath aording to the
formula (for simpliity we assume to have a gauge, not a supersymmetry here and all
partiles to be salars; the generalization is straightforward):
n∏
i=1
(−i) (p2i −m2i )F.T. 〈0 T [{QBRST, φ1 . . . φn}] 0〉
=
n∑
j=1
p2j −m2j
(pj + k)2 − m˜2j
·




′
amputated
, (12.3)
beause the transformed eld now has an internal propagator with a momentum shifted
by the ghost's momentum and therefore does not anel the inverse propagator (the
prime indiates that this internal propagator has been extrated from the diagram).
Besides, in spontaneously broken symmetries there is the possibility that eld and
transformed eld have dierent masses, e.g. when onneting eletron and neutrino
by an SU(2)L-BRST transformation or the several salar and fermioni elds in the
O'Raifeartaigh model. This is indiated by a tilde plaed over the mass symbol. In
supersymmetri theories the ghost is onstant and brings no momentum into the Green
funtions, but obviously the propagators of eld and transformed eld annot anel
sine they belong to a fermion and a boson or vie versa. Thus, generally, one inverse
propagator survives whih has to be taken into aount. In our formalism this is easily
done by absorbing it into the wavefuntion of the BRST soure. Consequently, we as-
soiate the following expressions as wavefuntions to our BRST soures
1
(gauge boson
soures in unitarity gauge):
Partile Wavefuntion Partile Wavefuntion
Kφ, inoming −i(p2 −m2) KΨ, inoming −i(/p−m)u(p)
Kφ, outgoing −i(p2 −m2) KΨ, outgoing i(/p+m)v(p)
KAµ , inoming i(p
2 −m2)ǫµ(p) KΨ, outgoing −iu(p)(/p−m)
KAµ , outgoing i(p
2 −m2)ǫ∗µ(p) KΨ, inoming iv(p)(/p+m)
(12.4)
1
This is based on an idea of Christian Shwinn. ǫ, u and v ould be the ordinary wavefuntions for
external states whih were o-shell in that ontext, or for the most general tests unit four-vetors and
unit four-spinors.
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1920
21
Figure 12.1: Example for Fermi statistis sign evaluation. Fermions are denoted by
plain lines, bosons by dashed ones.
For Majorana fermions there are some minor hanges; we will ome bak to that point
after having disussed another important topi  the handling of Fermi statistis with
the inlusion of real fermions within the framework of O'Mega.
12.2 Fermi Statistis - Evaluation of Signs
Fermions are antiommuting objets  whenever their order is hanged in Green fun-
tions or dierent diagrams ontributing to a Green funtion they produe sign fators.
These signs an be read o from the Wik theorem. They arise as relative signs (e.g. for
Bhabha sattering between s- and t-hannel) between whole diagrams, but to avoid the
expliit onstrution of all diagrams was the strongest motivation for O'Mega. How an
we ope with Fermi statistis within its framework? The solution was found by Thorsten
Ohl [30℄: When fusing two (or more) one-partile o-shell wavefuntions (1POWs), then
the sign of the newly produed 1POW is alulated and divided by the signs of the sub-
amplitudes out of whih it was ombined. Thus, for every fusion only the sign relative
to the subamplitudes is kept in memory, whih makes evaluating the signs ompatible
with the fatorization proedure of O'Mega. What remains is to answer the question
how to evaluate those signs from Fermi statistis for a subamplitude.
Eah subamplitude depends on a subset of the external partiles, part of whih are
fermions while the others are not. The solution for alulating the sign fators lies
in a bookkeeping onept for fermion lines: We follow the fermion lines through the
graphs. At eah fusion we examine whether a fermion line is ontinued or, together with
another fermion line, fused into a boson line while keeping in mind all losed fermion
lines appearing in the fused 1POWs. The best way to explain this is an example whih is
provided by gure 12.1. There the numbers 1-11 denote external partiles on whih the
1POW labelled by 21 depends; this 1POW is a fermion. (It would be more onsistent
to label eah line by the external partiles on whih it depends, e.g. (1, 2) for 12, (3, 4)
for 13, (7, 8, 9, 10, 11) for 19 et.) So, the fermion 21 is part of an open fermion line
beginning (or ending) with the external partile 9 while its 1POW ontains the losed
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fermion lines (2 ↔ 6), (3 ↔ 4) and (10 ↔ 11). And what about the diretion of the
lines?
This is the point where the dierene arises between the way Ohl alulates the sign
for theories with Dira fermions only and our way for theories with Dira as well as
Majorana fermions. The Feynman rules for Majorana fermions and their implemen-
tation in O'Mega rely upon the ideas in [19℄. When a theory is endowed only with
Dira fermions and is not supersymmetri, then always a well dened diretion an be
asserted to eah fermion line  whih is based on the fat that we an always distinguish
between inoming partile and outgoing antipartile or vie versa. Out of this onept
of direted fermion lines Ohl further speied, whether a fermioni 1POW is a fermion
or an antifermion (it would be better to say, a spinor or a onjugated spinor, respe-
tively)  in the piture of gure 12.1 whether the arrow at the line points upward or
downward, respetively. Closed fermion lines then onsist of pairs of numbers indiating
the onjugated spinor of the external partile at whih the line begins, and the spinor of
the external partile at whih the line ends. This is atually an abuse of language, sine
the arrows point from the barred to the unbarred spinor, but when writing down an
analytial expression we start with the barred spinor sine we write from left to right:
S
(n−1)
F
S
(1)
F
Ψ
Γ(1)
Ψ
Γ(n)
Γ(2) Γ(n−1)
≡ ΨΓ(1)S(1)F Γ(2) . . .Γ(n−1)S(n−1)F Γ(n)Ψ
In Ohl's ansatz the sign from Fermi statistis is alulated by olleting the losed
fermion lines (running from the onjugated spinor to the spinor) and then omparing
them with a referene order of the external fermions and antifermions. The number of
transpositions needed to bring the olleted pairs of external fermioni partiles into
that referene order gives the relative sign between the two dierent orders. As an
example we onsider Bhabha sattering (we denote the inoming eletron and positron
by 1 and 2, respetively, the outgoing eletron and positron by 3 and 4, respetively):
4
2 1 3
4
2 3 1
The left diagram is the s-hannel, the right one the t-hannel. In our formalism we get
(21)(34)→ {2, 1, 3, 4} for the left diagram, and (31)(24)→ {3, 1, 2, 4} for the right one2.
If we take {1, 2, 3, 4} as our referene order then the s-hannel gets a relative sign, while
the t-hannel not; as the global sign does not matter, the relative sign between the two
hannels is produed
3
.
2
Normally the fusions run up only to 1POWS depending on nearly half of the external momenta. In
our ase, eah possible pairing of the fermions would produe a photon, and in a nal step, two o-shell
photon wavefuntions are fused to yield the whole amplitude. Eah of those photons would ontain
one losed fermion line, but as pairs of numbers ( , ) ommute with eah other (4 transpositions) the
order of the pairs plays no role.
3
As disussed above, O'Mega evaluates the sign(s) subamplitude-wise, but for human beings the
priniple is better understandable when thinking in diagrams.
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We therefore have the following fusion rules for solely Dira fermions (again the
dashed line is an unspeied boson), by whih we mean the olleting of the fermion
lines to evaluate the sign from the number of transpositions needed to bring the pairs
of fermions into the referene order:
φ = ΨbΓΨa
a, la
, {b, a} ∪ la ∪ lb
b, lb
φ = ΨaΓΨb
a, la
, {a, b} ∪ la ∪ lb
b, lb
Ψ′a = φΓΨa
a, la
a , la ∪ lb
, lb
Ψ
′
a = φΨaΓ
a, la
a , la ∪ lb
, lb
(12.5)
Therein la and lb are lists of antifermionfermion pairs of external partiles belonging
to lines already losed, ontained in the 1POWs whih take part in that fusion. a and
b are fermion labels for the left and right leg in the fusion. In the two left fusions a
boson is produed so there is no open fermion index as for the rightmost fusions where
a fermion (or antifermion) is produed again. What O'Mega alulates numerially is
shown above the diagrams. For the last two diagrams there also exists a mirror version
omitted here, with the fermion leg on the right.
The expressions in O'Mega's Dira fermion version are produed numerially by a
nal losure of the fermion line where  via the bilinear produt Ψ1ΓΨ2  a onjugated
spinor is multiplied with a spinor to give a non-spinorial expression. For external parti-
les we assign a spinor to inoming fermions (u) and to outgoing antifermions (v), and
use onjugated spinors for outgoing fermions (u) and inoming antifermions (v). Eah
onjugated spinor is ontinued through the subamplitudes representing lasses of sub-
diagrams by right multipliation with the vertex and propagator fators whih onsist
of linear ombinations of gamma matries. In ontrast, spinors are left multiplied by
the orresponding fators when following the line, respetively:
Ψ
′
= ΨΓ or Ψ
′′
= ΨSF Ψ
′ = ΓΨ or Ψ′′ = SFΨ (12.6)
The bilinear produt losing the fermion line ould either produe a new bosoni o-shell
wavefuntion or means the last keystone in onstruting a part of the whole amplitude.
For the latter ase it is indeed a salar produt, e.g. in the proess e+e− → γγ, where
the positron wavefuntion made out of the inoming positron and one outgoing photon
is fused with the eletron wavefuntion onstruted from the inoming eletron and the
other photon.
In supersymmetri theories there are two diulties whih make the implementation
by Thorsten Ohl, desribed in the last paragraphs inappliable: the existene of Ma-
jorana fermions, i.e. real fermions, to whose lines no spei diretion an be assigned
sine they do not transport a onserved quantum number, and the possibility of lash-
ing arrows already seen in our toy model in the rst part. So there are now six types
of verties involving fermions (the dashed line indiates a boson of whatsoever type):
(12.7)
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Sine there no longer is a well-dened diretion along the fermion lines (there may be
parts of lines having no diretion at all due to propagating Majorana fermions, or the
line's diretion hanges by one of the rightmost verties) the method presented above
is no longer feasible. One possibility is to artiially assign a diretion to a Majorana
line and dene dierent verties for eah ase in whih the arrows diret to or from the
vertex [2℄. This would give the orret analytial expressions for the Feynman diagrams,
but the signs between dierent diagrams ontributing to the same amplitude, e.g. for
the prodution of two neutralinos at a linear ollider (H is a shortut for the three
neutral Higgs bosons, H0, h0, A0),
H Z0
e˜1/2 e˜1/2 ,
have to be derived by the Wik theorem, whih is no good solution for implementing suh
rules in a omputer program. Instead we follow the Feynman rules invented by Ansgar
Denner et al. [19℄. As denite diretions along the fermion lines are only partially
available they give up the onept of fermion number onservation and use fermion
onservation as an alternative, whih is simply the statement that fermion lines must
still run through the diagrams without being interrupted. [19℄ desribe in detail how
the ontrations of the fermioni eld operators an be disentangled with the help of
that onept. The ingredients of Denner's rules are the ordinary verties, propagators
and external states as well as their harge onjugated versions:
CvT (p, σ) = u(p, σ) (12.8)
CuT (p, σ) = v(p, σ) (12.9)
S′F ≡ CSTF (p)C−1 = SF (−p) =
i
−/p−m (12.10)
Γ′ ≡ CΓTC−1 =
{
+Γ for Γ ≡ I, γ5γµ, γµ
−Γ for Γ ≡ γµ, σµν , (12.11)
where C is the harge onjugation matrix. (The basis of Denner's idea for disentangling
the ontrations are to replae an interation operator bilinear in the fermioni eld
operators by its transpose, whih should leave everything unhanged as the bilinear is
a number (or an array of numbers), ΨΓΨ =
(
ΨΓΨ
)T
:
. . . ΨΓΨ . . . −→ (−1) · . . . ΨT C−1 (CΓTC−1) C ΨT . . . (12.12)
The sign omes from antiommuting the eld operators. The ontrations ould have
been got tangled up in that way, sine all four possible ontrations between eld op-
erators and onjugated eld operators are allowed for Majorana fermions, and also due
to the appearane of expliitly harged onjugated fermions as in the harginolepton
slepton vertex. For Dira fermions this happens only for the ontrations of the eld
operators with the asymptoti reation and annihilation operators for inoming or out-
going antifermions, whih have produed the global signs mentioned in the rst part of
the text, and for losed fermion loops, of ourse. On the level of the analytial expres-
sions for the fermion lines within Feynman diagrams the relation (12.12) for omplete
lines reads (w ∈ {u, v}, wc ∈ {uc = v, vc = u} with wc ≡ CwT )
w1Γ
(1)S
(1)
F Γ
(2) . . .Γ(n)w2 = (−1) · wc2 Γ′ (n) . . . S′ (1)F Γ′ (1)wc1, (12.13)
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Fermion Antifermion Majorana fermion Assignment
u(p, σ)
v(p, σ)
u(p, σ)
v(p, σ)
Figure 12.2: Denner's rules for external fermioni partiles depending upon the diretion
along whih the line is alulated. Only those in boxes are used for the implementation.
where the sign now does not ome from fermion antiommutation but from the antisym-
metry of the harge onjugation matrix: wT = wc CT = −wc C. This was also the basis
for the reversing of fermion lines for the asymptoti STI in part one. Both ways of
alulating a fermion line produe the same result as the sign in (12.13) is anelled by
the one from fermion antiommutation in (12.12). The key ingredient of Denner's rules
is to write down the Feynman diagram(s), to hoose a alulational diretion for eah
fermion line (i.e. to deide where to start and where to end at a given fermion line) and
to write down the primed expressions when the alulational diretion is opposite to
the arrows of a Dira fermion. Disentanglement of the ontrations is thereby ahieved
automatially, and there is no need to expliitly use the Wik theorem. The relative
sign of dierent diagrams an be evaluated by the method of permutations with respet
to a referene order where the pairs now are of the form (endpoint, startpoint) instead
of (onjugated spinor, spinor). For details f. [19℄.)
The biggest problem of the inorporation of Denner's rules is the fatorization proe-
dure used in O'Mega: We treat only subamplitudes by suessively building up 1POWs,
so we do not know where a beginning fermion line ends (or, where the beginning of an
ending line is. If we knew this, we ould hoose a alulational diretion and tell the
program how to alulate the line numerially). At rst we arbitrarily assume the alu-
lational diretion to point from the external fermion inwards into the (sub-)amplitude.
Therefore we must assign a spinor instead of a onjugated spinor to eah external
fermion. Aording to Denner the assignments in table 12.2 for external fermioni
partiles have to be made, wherein the dotted line indiates the hosen alulational
diretion. As we use only spinors for the external partiles in O'Mega, just the ases
in boxes are relevant for us. Consequently every inoming fermion of whatsoever type
is represented by a u spinor while to every outgoing fermion a v spinor is assigned.
But this means that we an totally forget about onjugated spinors now, sine the lines
beginning with a spinor are ontinued by left multipliation with gamma matries, by
whih a spinor is produed again. We simply have to take ΨT1 CΓΨ2 as a bilinear prod-
ut instead of Ψ1ΓΨ2, and so onjugated spinors and right multipliation with gamma
matries are ompletely eliminated when dealing with fermions of mixed types. This
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hoie for our bilinear produt solves another problem: When fusing open ends of two
fermion lines to a bosoni wavefuntion (or for the nal keystone) there is a mismath
in the alulational diretions as for both legs they point from bottom to top:
=⇒ or (12.14)
As indiated in the gure there are now two equal alternatives, to reverse either the right
or the left alulational diretion. In O'Mega we have hosen the seond alternative so
that the alulational diretion goes from the right to the left. The onjugated spinor Ψ
is the same as ΨcTC, but we take  as mentioned above  the produt ΨTCΓΨ and not
ΨcTCΓΨ. The solution to that obstale is the following: The part of the line oming
from the left into the fusion has been alulated starting from the external partile
against the alulational diretion hosen to hold after the fusion of two fermion lines.
Assume e.g. the left fermion line simply to be an external inoming fermion; due to the
rules in table 12.2 O'Mega takes a u spinor for that partile but when O'Mega performs
the fusion, it hooses the alulational diretion of the whole line  now losed by the
fusion  to go from the right leg of the fusion to the left. Hene, aording to this
diretion, we atually would have had to take v = uTC as external wavefuntion, so
that performing the fusion like ΨT
left
CΓΨ
right
with Ψ
left
≡ u is ompletely orret. The
inlusion of propagators and vertex fators for the left leg will be disussed below.
The fusion rules for fermions of mixed types are:
a , la b , lb
, {a, b} ∪ la ∪ lb
φ = ΨTa CΓ(′)Ψb
, la b , lb
b , la ∪ lb
Ψ′b = φΓ
(′)Ψb
a , la , lb
a , la ∪ lb
Ψ′a = φΓ
(′)Ψa
(12.15)
As was disussed in the last but one paragraph, the pairings are now (endpoint, start-
point) instead of (onjugated spinor, spinor). One part of the Fermi statistis' sign is
alulated as in the Dira ase from the number of transpositions needed to bring this
olletion of pairs into a referene order. In O'Mega the alulational diretion always
goes from the right leg of the fusion to the left, so the pair added to the list of losed
fermion lines is {a, b} eah time, where a is the fermion index of the left leg and b that
of the right one. When a line is ontinued as in the rightmost fusions in (12.15), then
simply the gamma matrix from the vertex is multiplied from the left to the hild spinor.
The remaining part of the Fermi statistis' sign is produed from those gamma matrix
vertex fators (and the propagators, f. below), whih also answers the question about
the meaning of the primes at the Γ in (12.15): Aording to Denner's rules in (12.11)
and the disussion in the text thereafter we must assign a primed vertex funtion when-
ever the alulational diretion is opposite to the diretion of an arrow at a vertex. As
the alulational diretion in O'Mega always points from right to left or from bottom
to top, respetively, we must make the assignments shown in table 12.3 for the fusion
rules at the verties. Γ and Γ′ refer to the property in (12.11) aording to whih in
the left olumn always the ordinary vertex fator has to be taken with no additional
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Γ Γ
′
, {a, b} ∪ la ∪ lb , {a, b} ∪ la ∪ lb
a , la ∪ lb a , la ∪ lb
Figure 12.3: Fusion rules for fermions of Dira as well as Majorana type. For the
fusions where a fermion is produed, there are also the mirror diagrams again. a and
b are the fermion labels for the left fermion and the right fermion, respetively, and la
and lb are the orresponding losed fermion lines. For the onventions onerning the
fusions with lashing arrows and with two Majorana fermions f. the text.
sign, while for the right olumn there is a sign if the vertex Γ represents a vetorial or
tensorial oupling. Some remarks about the Majorana lines and the lashing arrows:
In the ase of the lashing arrows we must dene the verties in the O'Mega model
les by Ψc1ΓΨ2 instead of Ψ1ΓΨ
c
2; if we had dened them the other way round, the
diagrams with lashing arrows would have to be exhanged between the two olumns in
table 12.3. There are no ambiguities for verties with one Majorana and one Dira line
(e.g. the eletronseletronneutralino vertex) beause the Dira fermion automatially
gives a diretion. For verties with two Majorana fermions the ase is more omplex:
If the two Majorana fermions are idential, the oupling has to be salar, pseudosalar
or axial-vetorial, hene there is no problem with signs (otherwise that part of the in-
teration Lagrangean vanishes identially). Consider now the ase where the Majorana
fermions are dierent, e.g. in the vertex between dierent MSSM neutralinos and the
Z boson. Here one has to deide whether to write the vertex as
χ˜0i
(
gV + gAγ
5
)
/Zχ˜0j or χ˜
0
j
(−gV + gAγ5) /Zχ˜0i , i 6= j .
In the same way we have to hoose whih of the two possibilities should be inluded in
the O'Mega model le. By taking one of the two versions, we impliitly introdue an
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arrow:
χ˜0j
χ˜0i
χ˜0i
(
gV + gAγ
5
)
/Zχ˜0j
χ˜0i
χ˜0j
χ˜0j
(−gV + gAγ5) /Zχ˜0i
Consider the left of the possibilities above: Here the neutralino i beomes the partile
with the arrow pointing away from the vertex whereas the neutralino j gets the arrow
pointing to the vertex. For the right possibility the arrows are exhanged. That pseudo-
assigning of arrows means that when ontrating the eld operators of that interation
vertex with external states or other interation verties, then we had to write down a
onjugated spinor for the rst neutralino and a spinor for the seond in the left ase,
and vie versa for the right possibility.
In table 12.3 it is assumed that the vertex for two Majorana fermions is always
written down in suh a manner that in the ase of fusioning two fermions the left one
is the onjugated while in the ase of the fermion line being ontinued, the fermion
fused from the hildren is the onjugated. Heneforth no primed vertex fators have
to be used. (In pratie, there is a unique representation in O'Mega for suh verties,
so when the fusion does not math that representation, then there do appear signs in
front of the vertex fators. E.g. when we denote that neutralino neutral urrent by the
left possiblity above, but the seond neutralino appears as a left leg at a fusion and the
rst as a right leg, then the vetor oupling onstant has to be endowed with an extra
minus
4
.)
The last open point for the handling of real fermions in O'Mega is the question of
the propagators. First of all, we must say a word about the momentum ow in O'Mega:
It is always outgoing (pointing out of an amplitude), i.e. in those fusion diagrams the
momentum ows always from top to bottom (for all verties):
pl pr
pl + pr
(12.16)
All momenta an be expressed as a sum of the external momenta, so eah momentum
an be uniquely labelled by a subset of the external partiles. After a fusion has taken
plae, a fermioni wavefuntion is multiplied by a propagator. Thus, every wavefuntion
appearing as a hild (left or right leg) in a fusion is either a wavefuntion of an external
fermion or has already been multiplied with a propagator. An exeption ours if the
wavefuntion is the nal keystone of a subamplitude; then to only one of the fermioni
wavefuntions the propagator has to be assigned. Hene, a propagator is inserted in all
fusion ases where the fermion line is not losed but runs through to the top. At rst
one ould believe that more than one propagator type is needed when handling Dira
4
Do not get onfused when reading [19℄: There the abbreviaton χΓχ means gaijχiΓ
aχj so when
reversing the order of the eld operators in that interation vertex for two Majorana fermions yields
gaijχjΓ
′aχi. If Γ
′a
has a relative sign with respet to Γa then we also have gaji = −g
a
ij and in Denner's
notation we get χΓχ again. But in O'Mega the oupling onstant has a pre-dened value and we must
get an additional sign when reversing the order of eld operators for vetorial and tensorial ouplings
even for Majorana fermions.
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and Majorana fermions, but fortunately this is not true. In onnetion with Denner's
rules above we mentioned that, if the alulational diretion is opposite to the arrow of
the Dira line, then we must use the primed propagator, i.e. the propagator with the
negative momentum. Of ourse, also a momentum ow opposite to the arrow diretion
results in a minus sign for the momentum. Altogether the fermion propagator is of the
form
p
=
i
ξ/p−m,
p
=
i
ζ/p−m (12.17)
where ξ and ζ are sign fators. ξ is +1 if the alulational diretion and the momentum
ow are both parallel or both antiparallel to the fermion's arrow, and −1 otherwise. For
Majorana fermions ζ is +1 if alulational diretion and momentum ow are parallel
and −1 if they are antiparallel. The following table shows that this always leads to a
negative sign for the propagator's momentum within O'Mega:
fermion type fermion arrow mom. al. sign
Dira fermion ↑ ↓ ↑ negative
Dira antifermion ↓ ↓ ↑ negative
Majorana fermion - ↓ ↑ negative
So the universally used fermion propagator for all types of fermions  fermions, an-
tifermions and Majorana fermions  is
SF,O'Mega =
i
−/p−m (12.18)
Now we are able to onvine ourselves that everything is alright with the expressions
for the left leg at the fusion. Let us assume that the spinor from the left hild alulated
by O'Mega up to the moment the fusion takes plae, has the form
Ψ = S
(1)
F Γ
(1)S
(2)
F . . .Γ
(n)w, w ∈ {u, v} . (12.19)
When the fusion happens, the expression ΨTC is made out of the left spinor, whih after
inserting (12.19) is equal to
ΨTC = wTΓ(n)T . . . S(2)F
T
Γ(1)
T
S
(1)
F
T (−C−1)
= wT (−C)CΓ(n)T C−1 . . . CS(2)F
T C−1CΓ(1)TC−1CS(1)F
T (−C−1)
= wc Γ(n)
′
. . . S
(2)
F
′
Γ(1)
′
S
(1)
F
′
(12.20)
We have already explained that the assignment of the wavefuntion for the external
fermion is orret. Now we get the primed expressions for all vertex fators and propa-
gators. Of ourse, that is what we really want, sine, indeed, our alulational diretion
for the whole fermion line, after the fermion line has been losed (by the fusion), goes
the opposite way as it was originally alulated by O'Mega for the left part of the
line. There the alulational diretion at rst went from the external partile inwards,
after the fusion it points outwards. When O'Mega alulated the left leg it took the
primed expressions erroneously from the standpoint after the fusion, and as well had let
other expressions unprimed erroneously. By performing (12.20) eah vertex fator and
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propagator beomes primed so that the wrongly primed fators beome unprimed again
(the priming operation is involutory) while fators left originally unprimed beome now
orretly primed.
From the above disussion it is lear that for generating Slavnov-Taylor identities for
theories inluding Majorana fermions within O'Mega, we must reverse the expressions
for the onjugated spinors and assign the external wavefuntion −i (/p−m)u(p) to every
inoming soure of a BRST transformed fermion, while i (/p+m) v(p) for every outgoing
soure, not depending on whether the transformed fermioni partile is a fermion, an
antifermion or a Majorana fermion.
Of ourse, the formalism outlined above for theories inluding real fermions works as
well for theories whih ontain exlusively Dira fermions like the Standard Model. In
that ase the formalism has also been tested and shown to produe the same numerial
results as with Ohl's ansatz. Finally, let us mention that the problems faed in setion
5.4 onerning signs from external antifermions and from lashing arrows have been
solved by the onstrution presented in this hapter: Aording to gure 12.2 the number
of external v spinors is simply given by the number of all fermioni partiles in the nal
state and thus is obvious, while the lashing arrow-obstale has been remedied by our
proedure for handling the verties in gure 12.3.
12.3 Numerial heks
Numerial tests for Slavnov-Taylor identities (STI) have been made for gauge symme-
tries as well as for supersymmetry. Therein we investigated the ratio
R ≡ |
∑
i Gi|∑
i |Gi|
(12.21)
of the sum of Green funtions ontributing to the STI to the sum of their absolute
values. In performing suh tests for the Abelian toy model presented in setion 10.2, we
ahieved ratios of better than 10−10, so the STI are fullled numerially to a high level
of auray. With their help, several errors in the model les and also in the numerial
implementation of Majorana ouplings in O'Mega have been disovered, showing these
tests to produe nontrivial results.
Chapter 13
Summary and Outlook
Our original task was to implement the whole Minimal Supersymmetri Standard Model
(MSSM) in the matrix element generator O'Mega and to further use the alulating
power of that program to produe ross setions and deay rates as preditions for the
oming generation of olliders, LHC and TESLA. This has be done by reating a new
model le for O'Mega. A ompromise has been made between the desire to be as general
as possible and the onstraint not to blow up the model to a omplexity whih is not
only too diult to handle within the framework of O'Mega but also ontradits urrent
experimental knowledge (avour-hanging neutral urrents, smallness of CP-violation).
It beame lear that the omplexity of the model is still immense and that heking pro-
edures had to be found to ontrol the inner onsisteny of the theory and the program's
numerial stability as well. Although gauge symmetries have been used as onsisteny
heks ever sine, supersymmetry, though being only global in supersymmetri eld
theories, is as powerful for this purpose as those  or perhaps even more.
The idea arose to develop a method to perform suh onsisteny heks for super-
symmetri eld theories using supersymmetry as the vehile. First, we piked up a for-
malism invented by Grisaru and Pendleton in the 1970s and alulated Ward identities
for supersymmetry diagrammatially, out of whih relations between on-shell S-matrix
elements ould be gained. This has been shown using the simplest supersymmetri
eld theoreti, the Wess-Zumino model, and then been extended to a more omplex toy
model to larify questions onerning Fermi statistis and verties with lashing arrows.
But sine this method relies on the annihilation of the ground state by the superharge
it is only appliable for theories with exat supersymmetry. The breakdown of the Ward
identities has been demonstrated in the O'Raifeartaigh model. Generally, this formal-
ism does not suit well enough for automatized tests (as well as for realisti models)
but it enables some useful insights into the problems with fermions in supersymmetri
theories.
Further progress was ahieved by the investigation of the onserved urrent result-
ing from the supersymmetry of the ation. Here Ward identities an be onstruted by
inserting the urrent operator into a Green funtion and then taking the derivative with
respet to the spaetime argument of the urrent. Sine the urrent is still onserved in
the ase of spontaneously broken symmetry, this method is appliable not only for ex-
at supersymmetry. We derived in detail the supersymmetri urrent of general models
inluding supersymmetri Yang-Mills theories. As the supersymmetri urrent is a spin-
3/2 objet to whih the gravitino ouples in gauged supersymmetry, the inorporation of
that method in O'Mega provided the infrastruture for supergravity (propagating grav-
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itinos, higher dimensional verties with two bosons and two fermions, et.). This may
be the basis for one of the possible extensions of the work presented here. Calulations
have been done for a simple toy model with a U(1) gauge group, where examples are
shown for the Ward identities onstruted in that manner to be fullled only on-shell,
but not o-shell. Hene the mentioned formalism an be used for on-shell tests in all
models with global supersymmetry. Nevertheless we are also interested in o-shell tests
sine they are more stringent. The understanding of why Ward identities with urrent
insertions in supersymmetri gauge theories are only fullled between physial on-shell
states, opened the way to a more elegant formalism for onsisteny heks in part III.
Therein we introdued the BRST formalism for supersymmetri eld theories based
on the work of White and Sibold. A nilpotent BRST operator an only be found by
inluding supersymmetry transformations and translations and using onstant ghosts
for them. The Slavnov-Taylor identities from this generalized BRST invariane is the
desired onsisteny hek working also o-shell. The deep-rooted reason that super-
symmetry seems to be violated o-shell is that the superharge for supersymmetri
gauge theories does not ommute with the S-operator for arbitrary states of the Hilbert
spae, but only for physial states from the ohomology of the BRST harge. When-
ever we leave the mass shell, we have to inlude several additional diagrams ontaining
the Faddeev-Popov ghosts, whih shows that gauge symmetry and supersymmetry are
inseparably entangled. These fats have been laried in the ontext of algebrai renor-
malization of supersymmetri eld theories by Sibold and o-workers. Here we presented
analyti alulations in a diagrammati language of Slavnov-Taylor identities in a pretty
simple Abelian toy model and also for a general supersymmetri Yang-Mills theory. To
our knowledge, this had not been done so far.
The Slavnov-Taylor identities (STI) have been used for numerial heks as well,
where they justied their appliation by deteting several errors in the program libraries
of O'Mega. Some of the diulties and ne points onerning Majorana fermions,
speial fermion verties in supersymmetri eld theories and the inlusion of the STI
in O'Mega have been listed for the sake of ompleteness in the last part; they maintain
the onnetion to the amount of omputational work not presented in this thesis. The
MSSM, whih served as a motivation for this work by its sheer omplexity, is briey
reviewed in the appendix. All the physial elds with the abundane of mixing angles
and phases have been inluded into the model le as has been mentioned above.
With this work the problem of how to test supersymmetry in sattering amplitudes
and Green funtions perturbatively within arbitrary models analytially and numeri-
ally has been solved. The mehanisms by whih the anellations in Ward and Slavnov-
Taylor identities for supersymmetry happen have been understood in detail. Hene this
thesis supplies the theoretial basis for testing supersymmetri models by means of these
identities. All the infrastruture has been laid to perform these tests numerially; how-
ever this development has only been skethed in order not to go beyond the sope of this
work. Notwithstanding the fat that this thesis  inluding the theoretial foundations
and the implementation of these identities and providing a generally appliable heking
tool  is an integral whole, we would like to give a brief outlook to further projets and
additional ideas, whih will be takled in the future.
Among these points is a further debugging of the MSSM model le with the help
of all existing symmetries: the gauge symmetry, supersymmetry, also Bose and Fermi
symmetries. Sine supersymmetry is expliitly broken in the MSSM, we will have to
restore supersymmetry by a spurion formalism, where superpotential terms ontaining
one or more new superelds are added. By spontaneous symmetry breaking these new
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superelds then generate the soft breaking terms of the MSSM. The prie we have to pay
for that restoring of supersymmetry are additional ouplings to the omponent elds
of the new superelds. After that we an start produing data for MSSM proesses on
a reliable basis. A further projet is to enlarge the struture of O'Mega so that it an
handle propagating elds violating the spin-statistis theorem with utmost generality.
Stritly, this is only neessary when investigating loop proesses or STI in supergravity
but it would be satisfying to have a unied formalism managing all eventualities. The
propagating Faddeev-Popov ghosts an be inorporated while evaluating their Fermi
statistis signs separately from those of physial fermions. The further diagrammatial
examination of supersymmetri Slavnov-Taylor identities, on the one hand with more
than one SUSY ghost, on the other hand on an N -loop level, should nally be mentioned
as a projet.
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Appendix A
Basis, notations and
onventions
A.1 Basis
Metri:
ηµν = diag (1,−1,−1,−1) (A.1)
Super-Poinaré algebra for N = 1, without entral harges:
[Pµ, P ν ] = 0
[Pµ,Mρσ] = i (ηµρP σ − ηµσP ρ)
[Mµν ,Mρσ] = − i(ηµρMνσ − ηµσMνρ − ηνρMµσ + ηνσMµρ){
Q,Q
}
= 2γµPµ
[Q,Mµν ] = SµνQ with Sµν =
i
4
[γµ, γν ]
[Q,Pµ] = 0
(A.2)
Generalized Jaobi identity for Z2-graded algebras:
(−1)ηCηA [[TA, TB}, TC}+ (−1)ηAηB [[TB, TC}, TA}+
(−1)ηBηC [[TC , TA}, TB} = 0 (A.3)
This implies the speial ases where B is a bosoni and F a fermioni operator:
[[BA, BB], BC ] + [[BB, BC ], BA] + [[BC , BA], BB] = 0
[[FA, BB], BC ] + [[BB, BC ], FA] + [[BC , FA], BB] = 0
{[BA, FB], FC}+ [{FB, FC}, BA]− {[FC , BA], FB} = 0
{{FA, FB}, FC}+ {{FB, FC}, FA}+ {{FC , FA}, FB} = 0
(A.4)
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They an be proven by making all the generators bosoni, multiplying them with Grass-
mann numbers, writing down the ordinary Jaobi identity for bosoni operators and
extrating all Grassmann numbers to the left (or to the right) while giving them the
same order in all terms.
A.2 Superspae
Supersymmetri eld theories are most easily represented on a Z2-graded vetor spae
alled superspae, ontaining the ordinary four-dimensional spae-time and four Grass-
mann-odd oordinates,
(x0, x1, x2, x3, θ1, θ2, θ3, θ4) ≡
(
xµ
θ
)
. (A.5)
with the bispinor (four-omponent spinor) θ. This is the speial ase of simple super-
symmetry, for N = n-supersymmetry, n ≤ 4 we have the spae R(1,3)|2·2N . It is possible
to ombine the superharges into a four-omponent Majorana spinor Q, [3℄. The 14
generators of simple supersymmetry (Pµ,Mρσ, Q) generate superspae transformations
 spaetime translations by Pµ, boosts and rotations by Mρσ and translations of the
Grassmann-odd oordinates by spinorial inrements ξ, also ombined into a Majorana
spinor. They antiommute omponent-wise, and as these parameters are onstant, they
antiommute with the superharges, too:
{ξ, ξ} = {ξ, ξ} = {ξ,Q} = {ξ,Q} = {ξ,Q} = {ξ,Q} = 0. (A.6)
Most general element of the Poinaré supergroup:
S(b, ω, ξ) = exp
[
i
(
bµP
µ +
1
2
ωµνM
µν + ξQ
)]
. (A.7)
Ation of superharge on superspae:
Q =
∂
∂θ
− (iγµθ)∂µ (A.8)
We hek that Q fullls the antiommutation relations
{Q,Q} = {Q,Q} = 0, {Q,Q} = 2i/∂ . (A.9)
The ovariant derivatives with respet to the supergroup struture D, alled su-
perderivatives, antiommute with the superharges:
{D, Q} = {D, Q} = {D, Q} = {D, Q} = 0 (A.10)
On superspae they an be given the representation
D = ∂
∂θ
+ (iγµθ)∂µ (A.11)
With eah other they have the (anti-)ommutation relations
{D,D} = {D,D} = 0, {D,D} = −2i/∂ . (A.12)
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For onstruting hiral superelds right- and left-handed versions of the superderivative
are needed:
DL = 1
2
(
1− γ5)D = ∂
∂θL
− (iγµθR)∂µ
DR = 1
2
(
1 + γ5
)D = ∂
∂θR
− (iγµθL)∂µ
(A.13)
For more details about Lie supergroups f. [31℄.
A.3 Properties of Majorana spinors
Denition of a Majorana spinor
ΨM ≡ Ψ†Mγ0 = −ΨTMC, (A.14)
where C is the antisymmetri harge onjugation matrix, usually hosen to be equal to
C = iγ2γ0. In the sequel θ always means a Grassmann-odd spinor.
θ1Γθ2 =
(
θ1Γθ2
)T
= −(θT1 CΓθ2)T = −(θT2 ΓTCθ1)
= θ2C−1ΓT Cθ1 (A.15)
Using the well-known relations about gamma matries
ΓT =
{
+ CΓC−1 Γ = I, γ5γµ, γ5
−CΓC−1 Γ = γµ, [γµ, γν ] (A.16)
yields
θ1Γθ2 =
{
+ θ2Γθ1 Γ = I, γ
5γµ, γ5
− θ2Γθ1 Γ = γµ, [γµ, γν ] (A.17)
So the only possible bilinears with a single Grassmann-odd spinor are
θθ, θγ5γµθ, θγ5θ, (A.18)
while the other ombinations vanish identially:
θγµθ = θ [γµ, γν ] θ = 0. (A.19)
Note that for ommuting spinors the signs in (A.17) are the other way round.
A.4 Superelds
The irreduible representations of the super-Poinaré algebra on superspae are alled
superelds. They are the basi ingredients of supersymmetri quantum eld theories.
We will denote them by a hat over the symbol. All superelds have expansions in the
superspae oordinates whih only run up to fourth order due to the latter's nilpoteny.
We do not go into the details here; espeially we omit general superelds sine they
are not needed in the onstrution of supersymmetri eld theories. We should only
mention that produts of superelds underlying some sort of onstraints are general
unonstrained superelds again; the highest omponent in the superspae expansion of
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general superelds is alled D, being a salar eld of anonial dimension higher by two
than the anonial dimension of the whole supereld. For details f. [5℄, [3℄.
A supereld with the onstraint
DRΦˆ = 0 (A.20)
is alled left-hiral supereld, while orrespondingly a right-hiral supereld, distin-
guished by a bar, underlies the onstraint
DL ˆ¯Φ = 0 . (A.21)
The hiral superelds have the superspae expansions
Φˆ(x, θ) = φ(x) +
√
2
(
θψL(x)
)
+
(
θ
[
1− γ5
2
]
θ
)
F (x) +
i
2
(
θγ5γµθ
)
∂µφ(x)
+
i√
2
(
θγ5θ
) (
θ/∂ψL(x)
)
+
1
8
(
θγ5θ
)2
φ(x)
ˆ¯Φ(x, θ) = φ¯(x) +
√
2
(
θψR(x)
)
+
(
θ
[
1 + γ5
2
]
θ
)
F¯ (x) − i
2
(
θγ5γµθ
)
∂µφ¯(x)
− i√
2
(
θγ5θ
) (
θ/∂ψR(x)
)
+
1
8
(
θγ5θ
)2
 φ¯(x)
.
(A.22)
Therein φ and φ¯ are omplex salar elds, ψL and ψR are left- and righthanded Weyl
spinor elds, respetively, while F and F¯ are again omplex salar elds of anonial
dimension two if the dimension of φ, φ¯ is one. From the expansions, one an see that
the Hermitean adjoint of a left-hiral supereld is right-hiral and vie versa.
Produts of left-hiral superelds are left-hiral superelds again. A funtion f
onsisting only of left-hiral superelds together with an idential ontribution of right-
hiral superelds with the omplex onjugated prefators, but neither ontaining su-
perderivatives nor spaetime derivatives, is alled superpotential. The F term (the
highest omponent in the superspae expansion) of the produt of two or three left-
hiral superelds are:
[
Φˆ1Φˆ2
]
F
=
{
F1φ2 + F2φ1 −
(
ψL,1ψL,2
)}
(A.23)
[
Φˆ1Φˆ2Φˆ3
]
F
=
{
F1φ2φ3 + F2φ3φ1 + F3φ1φ2 −
(
ψL,1ψL,2
)
φ3
− (ψL,2ψL,3)φ1 − (ψL,3ψL,1)φ2
}
(A.24)
A supereld onstrained by the reality ondition
Vˆ † = Vˆ (A.25)
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is alled a vetor supereld sine suh superelds are the supersymmetri generalizations
of the gauge boson elds:
Vˆ a(x, θ) = Ca(x) − i (θγ5ωa(x)) − i
2
(
θγ5θ
)
Ma(x) − 1
2
(
θθ
)
Na(x)
− 1
2
(
θγ5γµθ
)
V aµ (x)− i
(
θγ5θ
) (
θ
[
λa(x) +
i
2
/∂ωa(x)
])
− 1
4
(
θγ5θ
)2(
Da(x) − 1
2
Ca(x)
) (A.26)
As disussed in [3℄ there is an extended gauge symmetry in supersymmetri gauge
theories with the gauge parameter replaed by a whole supereld. This freedom an
be used to gauge away most of the omponents in (A.26). The remaining part of the
extended gauge transformations, orthogonal to those used above, represents ordinary
gauge invariane. Most famous is the Wess-Zumino gauge,
Ca(x) = ωa(x) = Ma(x) = Na(x) = 0, (A.27)
Vˆ a(x, θ) = − 1
2
(
θγ5γµθ
)
V aµ (x) − i
(
θγ5θ
) (
θλa(x)
) − 1
4
(
θγ5θ
)2
Da(x) , (A.28)
in whih all power series in the vetor supereld breaks o after the quadrati term.
A.5 SUSY transformations of omponent elds
In the sequel we list the SUSY transformations for hiral and vetor superelds: the
normal ones, in the ase of supersymmetri gauge theories the de WitFreedman
transformations, where a mixing between the matter and the gauge superelds ours.
When inserting the equations of motion for the auxiliary elds, we an forget about the
transformations of the auxiliary elds.
A.5.1 SUSY transformations for hiral superelds
SUSY transformation:
δξφ =
√
2
(
ξRψL
)
δξψL = −
√
2 i(/∂φ)ξR +
√
2FξL
δξF = −
√
2 i
(
ξL/∂ψL
) (A.29)
De Wit-Freedman transformation:
δ˜ξφ =
√
2
(
ξRψL
)
δ˜ξψL = −
√
2 i( /Dφ)ξR +
√
2FξL
δ˜ξF = −
√
2 i
(
ξL /DψL
)− 2iT aφ (ξLλaR)
(A.30)
Inserting the equations of motion for the auxiliary elds yields the on-shell de
Wit-Freedman transformation:
δ˜′ξφ =
√
2
(
ξRψL
)
δ˜′ξψL = −
√
2 i( /Dφ)ξR −
√
2
(
∂f(φ)
∂φ
)∗
ξL
(A.31)
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A.5.2 SUSY transformations for vetor superelds
SUSY transformation:
δξA
a
µ = −
(
ξγµγ
5λa
)
δξλ
a = − i
2
[γα, γβ]γ5
(
∂αA
a
β − ∂βAaα
)
+Daξ
δξD
a = −i (ξ/∂λa)
(A.32)
De Wit-Freedman transformation:
δ˜ξA
a
µ = −
(
ξγµγ
5λa
)
δ˜ξλ
a = − i
2
[γα, γβ]γ5F aαβ +D
aξ
δ˜ξD
a = −i (ξ ( /Dλ)a)
(A.33)
On-shell de Wit-Freedman transformation:
δ˜′ξA
a
µ = −
(
ξγµγ
5λa
)
δ˜′ξλ
a = − i
2
[γα, γβ]γ5F aαβ − e
(
φ†T aφ
)
ξ
(A.34)
A.6 Constrution of supersymmetri eld theories
Kineti terms for matter elds (salars and fermions):
1
2
[
Φˆ†Φˆ
]
D
= ∂µφ
†∂µφ+
i
2
ψL/∂ψL − i
2
(
∂µψR
)
γµψR + |F |2 (A.35)
Kineti terms for matter elds with minimal ouplings to gauge boson elds from
vetor superelds in Wess-Zumino gauge:
1
2
[
Φˆ† exp
(
−T aVˆ a
)
Φˆ
]
D
= (Dµφ)
†(Dµφ)
+
i
2
ψL /DψL − i
2
(
DµψR
)
γµψR +
∑
a
|F a|2 (A.36)
From a vetor supereld we onstrut a new supereld by ating triply with the
superderivative:
Wˆ = −1
4
(DD)DVˆ (A.37)
The omplete supereld Wˆ has a spinor index and is therefore alled a spinor supereld.
Projeting with
1
2
(
1± γ5) gives a right- and left-hiral supereld, respetively. By the
following onstrution we get kineti terms for the gauge boson and the gaugino as well
as gauge bosongaugino interation terms:
1
2
Re
[
WˆRWˆL
]
F
= −1
4
F aµνF
µν
a +
i
2
λa ( /Dλ)a +
1
2
DaDa (A.38)
Superpotentials (produts of one, two or three hiral superelds) to onstrut salar
self-interations and Yukawa ouplings have already been disussed in setion A.4.
Appendix B
Some details about the MSSM
All superelds of the MSSM:
Supereld Bosons Fermions U(1)Y SU(2)L SU(3)C
Vˆ U(1)Y B B˜ 0 0 1
Vˆ SU(2)L W i W˜ i 0 1 1
Vˆ SU(3)C Gi G˜i 0 0 8
Lˆ1 (ν˜e, e˜
−
L ) (νe, e
−)L -1 12 1
Lˆ2 (ν˜µ, µ˜
−
L ) (νµ, µ
−)L -1 12 1
Lˆ3 (ν˜τ , τ˜
−
L ) (ντ , τ
−)L -1 12 1
ˆ¯E1 e˜
+
R e
+
L 2 0 1
ˆ¯E2 µ˜
+
R µ
+
L 2 0 1
ˆ¯E3 τ˜
+
R τ
+
L 2 0 1
Qˆ1 (u˜L, d˜L) (u, d)L
1
3
1
2 3
Qˆ2 (c˜L, s˜L) (c, s)L
1
3
1
2 3
Qˆ3 (t˜L, b˜L) (t, b)L
1
3
1
2 3
ˆ¯U1 u˜
∗
R u
c
L − 43 0 3¯
ˆ¯U2 c˜
∗
R c
c
L − 43 0 3¯
ˆ¯U3 t˜
∗
R t
c
L − 43 0 3¯
ˆ¯D1 d˜
∗
R d
c
L
2
3 0 3¯
ˆ¯D2 s˜
∗
R s
c
L
2
3 0 3¯
ˆ¯D3 b˜
∗
R b
c
L
2
3 0 3¯
Hˆ1 (H
0
1 , H
−
1 ) (H˜
0
1 , H˜
−
1 )L -1
1
2 1
Hˆ2 (H
+
2 , H
0
2 ) (H˜
+
2 , H˜
0
2 )L 1
1
2 1
Above we listed the superelds of the MSSM all of whih are left-hiral superelds.
Naturally, the total eld ontent also inludes their Hermitean onjugates whih are
right-hiral superelds. Sine we only wanted to write down left-hiral superelds, all
fermioni omponent elds are left-handed: Therefore those of the barred superelds
are the left-handed parts of the antileptons and antiquarks. We omit right-handed
neutrino elds here and so the neutrinos remain massless, but a generalization is obvious.
A tilde on the omponent elds indiates a partile with negative R parity and hene
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a superpartner of a Standard Model eld. The quantum numbers are given by the
hyperharge, the third omponent of the weak isospin, while the number in the last
olumn indiates whether the partile is a olour-singlet, triplet, antitriplet or otet.
MSSM - the Lagrangean density:
L
MSSM
=
3∑
i=1
(
Qˆ†i exp
[
Vˆ
]
Qˆi
)
D
+
3∑
i=1
(
Lˆ†i exp
[
Vˆ
]
Lˆi
)
D
+
3∑
i=1
(
ˆ¯U †i exp
[
Vˆ
]
ˆ¯Ui
)
D
+
3∑
i=1
(
ˆ¯D†i exp
[
Vˆ
]
ˆ¯Di
)
D
+
3∑
i=1
(
ˆ¯E†i exp
[
Vˆ
]
ˆ¯Ei
)
D
+
(
Hˆ†1 exp
[
Vˆ
]
Hˆ1
)
D
+
(
Hˆ†2 exp
[
Vˆ
]
Hˆ2
)
D
+
1
2
Re
[
Wˆ
SU(3)C
R,a Wˆ
SU(3)C
L,a
]
F
+
1
2
Re
[
Wˆ
SU(2)L
R,a Wˆ
SU(2)L
L,a
]
F
+
1
2
Re
[
Wˆ
U(1)Y
R Wˆ
U(1)Y
L
]
F
− g
2
sθQCD
16π2
Im
[
Wˆ
SU(3)C
R,a Wˆ
SU(3)C
L,a
]
F
+ [W ]F + LSR
(B.1)
Summation over generation indies from 1 to 3 is expliitly shown while for gauge indies
we use the summation onvention. θ
QCD
is the QCD vauum angle, this term being
the supersymmetri generalization of the term generating instanton solutions in QCD
[16℄, [3℄. The vetor supereld of the Standard Model SU(3)C ×SU(2)L×U(1)Y gauge
group is
Vˆ = − Vˆ U(1)Ya ·
Y
2
−
3∑
a=1
Vˆ SU(2)La
σa
2
−
8∑
a=1
Vˆ SU(3)Ca
λa
2
(B.2)
Furthermore W is the superpotential,
W = hEkl
(
LˆakǫabHˆ
b
1
)
ˆ¯El + h
D
kl
(
QˆakǫabHˆ
b
1
)
ˆ¯Dl
+ hUkl
(
QˆakǫabHˆ
b
2
)
ˆ¯Ul + µ
(
Hˆa1 ǫabHˆ
b
2
)
+ h.c., (B.3)
and LSR are the superrenormalizable terms parameterizing the unknown SUSY breaking
mehanism:
LSR = −
∑
ij
(M2
Q˜
)ij(Q˜
†
i Q˜j)−
∑
ij
(M2U¯ )ij(U¯
†
i U¯j)−
∑
ij
(M2D¯)ij(D¯
†
i D¯j)
−
∑
ij
(M2
L˜
)ij(L˜
†
i L˜j)−
∑
ij
(M2E¯)ij(E¯
†
i E¯j)−
{
1
2
m
Gluino
(λsλs)
+
1
2
m
Wino
(λλ) +
1
2
m
Bino
(λ′λ′)−
∑
ij
ADijh
D
ij(Q˜
T
i ǫH1)D¯j
−
∑
ij
AEijh
E
ij(L˜
T
i ǫH1)E¯j −
∑
ij
AUijh
U
ij(Q˜
T
i ǫH2)U¯j
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+
∑
ij
CDij h
D
ij(Q˜
T
i H
∗
2 )D¯j +
∑
ij
CEijh
E
ij(L˜
T
i H
∗
2 )E¯j
+
∑
ij
CUijh
U
ij(Q˜
T
i H
∗
1 )U¯j +
1
2
(Bµ) (HT1 ǫH2) + h.c.
}
+m21|H01 |2 +m22|H02 |2 (B.4)
In the last two formulae indies from the middle of the alphabet are used as genera-
tion labels while those from the beginning of the alphabet are gauge group indies. Note
that in the soft breaking terms only omponents appear and not the whole superelds.
hE , hD and hU are arbitrary omplex 3× 3-matries in the spae of generations. There
are more arbitrary omplex 3 × 3-matries in the soft supersymmetry breaking terms,
AE , AU and AD, and furthermore CE , CU and CD, the latter not inluded in most
reviews about the MSSM. MQ˜/U¯/D¯/L˜/E¯ are ve Hermitean mass square matries in
generation spae for the spartiles. The gaugino masses are allowed to be omplex, as
well as the Higgs potential parameters µ and (Bµ), while the mass squares m21/2 must
be real.
VERTICES #
Gauge-IA: WWγ, WWZ, ggg 3
Gauge-Lepton-IA: ℓ+ℓ−γ, ℓ+ℓ−Z, ℓ+νW−, ℓ−ν¯W+, νν¯Z 5G→ 15
Gauge-Quark-IA: qq¯γ, qq¯Z, ud¯W−, du¯W+, qq¯g 2G(G + 3)
→ 36
Higgs-IA: HHH 1
Higgs-Gauge-IA: HW+W−, HZZ 2
Higgs-Lepton-IA: ℓ+ℓ−H G→ 3
Higgs-Quark-IA: qq¯H 2G→ 6
Higgs-Gst.-IA: Hφ+φ−, Hφφ 2
Gst.-Gauge-IA: φ+φ−γ, φ+φ−Z, φ±φW∓, φ±HW∓, φHZ,
φ±W∓Z, φ±W∓γ
11
Gst.-Lepton-IA: ℓ+ℓ−φ, ℓ−ν¯φ+, ℓ+νφ− 3G→ 9
Gst.-Quark-IA: qq¯φ, ud¯φ−, du¯φ+ 2G(G+1)→ 24
Table B.1: 3-Verties, SM:
(
2G2 + 14G+ 6
)
+
(
2G2 + 5G+ 13
) → 66 + 46, with G
being the number of generations, set to 3 in the nal step.
VERTICES #
Gauge-IA: WWγγ, WWZγ, WWZZ, WWWW , gggg 5
Higgs-IA: HHHH 1
Higgs-Gauge-IA: HHW+W−, HHZZ 2
Higgs-Gst.-IA: HHφ+φ−, HHφφ, φ+φ−φ+φ−, φ+φ−φφ,
φφφφ
5
Gst.-Gauge-IA: φφW+W−, φφZZ, φ+φ−WW , φ+φ−ZZ,
φ+φ−Zγ, φ+φ−γγ, Hφ±W∓Z, Hφ±W∓γ, φφ±W∓Z,
φφ±W∓γ
14
Table B.2: 4-Verties, SM: 8 verties and 19 additional Goldstone verties.
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We now briey summarize the mixings of the interation eigenstates to the mass
eigenstates. All partiles with idential olour and eletromagneti quantum numbers
are generally allowed to mix.
The two Higgs doublets are deomposed into the following mass eigenstates:
H1 =
( 1√
2
(
v1 +H
0 cosα− h0 sinα+ iA0 sinβ + iφ0 cosβ)
H− sinβ + φ− cosβ
)
, (B.5)
H2 =
(
H+ cosβ − φ+ sinβ
1√
2
(
v2 +H
0 sinα+ h0 cosα+ iA0 cosβ − iφ0 sinβ)
)
(B.6)
There are now ve physial Higgs partiles, the salars H0 and h0, the pseudosalar A0
and the harged Higgs'H±, thus alled in the ase of a non-CP violating Higgs potential.
VERTICES #
Gauge-IA: WWγ, WWZ, ggg 3
Gauge-Lepton-IA: ℓ+ℓ−γ, ℓ+ℓ−Z, ℓ+νW−, ℓ−ν¯W+, νν¯Z 5G→ 15
Gauge-Quark-IA: qq¯γ, qq¯Z, ud¯W−, du¯W+, qq¯g 2G(G + 3)
→ 36
Higgs-IA: H+H−H , H+H−h, HHH , HHh, Hhh, hhh,
AAH , AAh
8
Higgs-Gauge-IA: AW±H∓, HAZ, hAZ, W+W−H ,
W+W−h, W±H∓H , W∓H±h, ZZH , ZZh, H+H−γ,
H+H−Z
14
Higgs-Lepton-IA: H+ν¯ℓ−, H−νℓ+, ℓ+ℓ−H , ℓ+ℓ−h, ℓ+ℓ−A 5G→ 15
Higgs-Quark-IA: qq¯H , qq¯h, qq¯A, ud¯H−, du¯H+ 2G(G + 3)
→ 36
Higgs-Chargino-Neutralino-IA: χ˜χ˜H , χ˜χ˜h, χ˜χ˜A, χ˜+χ˜−H ,
χ˜+χ˜−h, χ˜+χ˜−A, χ˜±χ˜H∓
52
Slepton-Gauge-IA: ℓ˜+ℓ˜−γ, ℓ˜+ℓ˜−Z, ν˜ν˜∗Z, ℓ˜+ν˜W−, ℓ˜−ν˜∗W+ 11G→ 33
Squark-Gauge-IA: q˜q˜∗γ, q˜q˜∗Z, d˜u˜∗W+, u˜d˜∗W−, q˜q˜∗g 8G(G + 2)
→ 120
Chargino-Neutralino-Gluino-Gauge-IA: χ˜χ˜Z, χ˜+χ˜−Z,
χ˜+χ˜−γ, χ˜+χ˜W−, χ˜−χ˜W+, g˜g˜g
33
Other Chargino-Neutralino-Gluino-IA: qg˜q˜∗, q¯g˜q˜,
χ˜+ℓ−ν˜∗, χ˜−ℓ+ν˜, χ˜+ν¯ℓ˜−, χ˜−νℓ˜+, χ˜+u¯d˜, χ˜−ud˜∗, χ˜+du˜∗, χ˜−d¯u˜,
χ˜νν˜∗, χ˜ν¯ν˜, χ˜ℓ∓ℓ˜±, χ˜qq˜∗, χ˜q¯q˜
4G(4G + 19)
→ 372
Higgs-Slepton-IA: Hν˜ν˜∗, hν˜ν˜∗, Hℓ˜+ℓ˜−, hℓ˜+ℓ˜−, Aℓ˜+ℓ˜−,
H+ℓ˜−ν˜∗, H−ℓ˜+ν˜
18G→ 54
Higgs-Squark-IA: q˜q˜∗H , q˜q˜∗h, q˜q˜∗A, u˜d˜∗H−, u˜∗d˜H+ 8G(3G + 1)
→ 240
Table B.3: MSSM, 3-Verties 52G2+151G+110→ 1031, with G being the number
of generations, set to 3 in the nal step.
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φ± and φ0 are the Goldstone bosons attahed to theW and Z bosons, respetively. The
vauum expetation values are denoted by v1 and v2 while α and β are two real mixing
angles.
Most important for the MSSM are the mixings of the harged Higgsinos (the SUSY
partners of the Higgs') and the harged gauginos to mass eigenstates named harginos,
as well as the neutral Higgsinos and neutral gauginos are linearly ombined to states
alled neutralinos. For the harginos it is justied by the smallness of observed CP-
violating eets to hoose the imaginary parts of µ and m
Wino
suiently small to
dene orthogonal instead of unitary mixing matries
U =
(
cosφ− sinφ−
− sinφ− cosφ−
)
, (B.7)
VERTICES #
Gauge-IA: WWγγ, WWZγ, WWZZ, WWWW , gggg 5
Higgs-IA: H+H−H+H−, H+H−HH , H+H−Hh,
H+H−hh, H+H−AA, HHHH , HHHh, HHhh, Hhhh,
hhhh, HHAA, HhAA, hhAA, AAAA
14
Higgs-Gauge-IA: HHZZ, hhZZ, AAZZ, H+H−ZZ,
H+H−Zγ, H+H−γγ, H±HW∓γ, H±hW∓γ, H±HW∓Z,
H±hW∓Z, HHW+W−, hhW+W−, AAW+W−,
H±AW∓γ,H±AW∓Z
21
Slepton-Gauge-IA: ℓ˜+ℓ˜−γγ, ℓ˜+ℓ˜−Zγ, ℓ˜+ℓ˜−ZZ, ν˜ν˜∗ZZ,
ℓ˜+ℓ˜−W+W−, ν˜ν˜∗W+W−, ℓ˜−ν˜∗W+γ, ℓ˜+ν˜W−γ, ℓ˜−ν˜∗W+Z,
ℓ˜+ν˜W−Z
24G→ 72
Squark-Gauge-IA: q˜q˜∗γγ, q˜q˜∗Zγ, q˜q˜∗ZZ, q˜q˜∗W+W−,
u˜d˜∗W−γ, u˜∗d˜W+γ, u˜d˜∗W−Z, u˜∗d˜W+Z, q˜q˜∗gg, q˜q˜∗gγ,
q˜q˜∗gZ, u˜d˜∗gW−, u˜∗d˜gW+
4G(6G+ 11)
→ 348
Slepton-Slepton-IA: ν˜ν˜∗ν˜ν˜∗, ν˜ν˜∗ℓ˜−ℓ˜+, ℓ˜−ℓ˜+ℓ˜−ℓ˜+ 252 G
2 + 12G+ 1
→ 115
Squark-Squark-IA: q˜q˜∗q˜q˜∗, u˜u˜∗d˜d˜∗ 2G(8G3 + 8G
+ 1)→ 1446
Slepton-Squark-IA: q˜q˜∗ν˜ν˜∗, q˜q˜∗ℓ˜+ℓ˜−, u˜d˜∗ℓ˜−ν˜∗, u˜∗d˜ℓ˜+ν˜ 8G2(2G+ 5)
→ 792
Higgs-Slepton-IA: HHν˜ν˜∗, Hhν˜ν˜∗, hhν˜ν˜∗, AAν˜ν˜∗,
H+H−ν˜ν˜∗, HHℓ˜+ℓ˜−, Hhℓ˜+ℓ˜−, hhℓ˜+ℓ˜−, AAℓ˜+ℓ˜−,
H+H−ℓ˜+ℓ˜−, HH+ℓ˜−ν˜∗, hH+ℓ˜−ν˜∗, AH+ℓ˜−ν˜∗, HH−ℓ˜+ν˜,
hH−ℓ˜+ν˜, AH−ℓ˜+ν˜
37G→ 111
Higgs-Squark-IA: q˜q˜∗HH , q˜q˜∗Hh, q˜q˜∗hh, q˜q˜∗AA,
q˜q˜∗H+H−, u˜∗d˜H+H , u˜∗d˜H+h, u˜∗d˜H+A, u˜d˜∗H−H ,
u˜d˜∗H−h, u˜d˜∗H−A
8G(3G + 5)
→ 336
Table B.4: MSSM, 4-Verties: 16G4 + 16G3 + 2332 G
2 + 2952 G+ 41→ 3260
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V =
(
cosφ+ sinφ+
−η sinφ+ η cosφ+
)
, η = sgn
[
µm
Wino
−m2W sin(2β)
]
(B.8)
with the sign fator η guaranteeing that the hargino masses are positive. The mixing
angles are
tan(2φ+) =
−2√2mW (mWino sinβ + µ cosβ)
m2
Wino
− µ2 + 2m2W cos(2β)
, (B.9)
tan(2φ−) =
−2√2mW (mWino cosβ + µ sinβ)
m2
Wino
− µ2 − 2m2W cos(2β)
. (B.10)
The harginos χ˜±i , i = 1, 2 are then related to the harged Winos and Higgsinos as
W˜+L = V
∗
i1χ˜
+
i,L W˜
+
L = χ˜
+
i,LVi1
W˜+R = Ui1χ˜
+
i,R W˜
+
R = χ˜
+
i,RU
∗
i1
H˜+L = V
∗
i2χ˜
+
i,L H˜
+
L = χ˜
+
i,LVi2
H˜+R = Ui2χ˜
+
i,R H˜
+
R = χ˜
+
i,RU
∗
i2
(B.11)
W˜−L = U
∗
i1χ˜
−
i,L W˜
−
L = χ˜
−
i,LUi1
W˜−R = Vi1χ˜
−
i,R W˜
−
R = χ˜
−
i,RV
∗
i1
H˜−L = U
∗
i2χ˜
−
i,L H˜
−
L = χ˜
−
i,LUi2
H˜−R = Vi2χ˜
−
i,R H˜
−
R = χ˜
−
i,RV
∗
i2
(B.12)
For the neutralinos, we introdue the 4× 4-matries N used to diagonalize the mass
matrix
Y 0 ′ =

m
Bino
0 mZ sin θW cosβ −mZ sin θW sinβ
0 m
Wino
−mZ cos θW cosβ mZ cos θW sinβ
mZ sin θW cosβ −mZ cos θW cosβ 0 −µ
−mZ sin θW sinβ mZ cos θW sinβ −µ 0


(B.13)
in the form N∗Y 0 ′N−1 = ND; θW is the Weinberg angle of the eletroweak theory. The
neutralinos χ˜0i , i = 1, . . . , 4 are then dened as
B˜L = η
∗
iN
∗
i1χ˜
0
i,L B˜L = χ˜
0
i,LηiNi1
B˜R = ηiNi1χ˜
0
i,R B˜R = χ˜
0
i,Rη
∗
iN
∗
i1
W˜ 3L = η
∗
iN
∗
i2χ˜
0
i,L W˜
3
L = χ˜
0
i,LηiNi2
W˜ 3R = ηiNi2χ˜
0
i,R W˜
3
R = χ˜
0
i,Rη
∗
iN
∗
i2
H˜01,L = η
∗
iN
∗
i3χ˜
0
i,L H˜
0
1,L = χ˜
0
i,LηiNi3
H˜01,R = ηiNi3χ˜
0
i,R H˜
0
1,R = χ˜
0
i,Rη
∗
iN
∗
i3
H˜02,L = η
∗
iN
∗
i4χ˜
0
i,L H˜
0
2,L = χ˜
0
i,LηiNi4
H˜02,R = ηiNi4χ˜
0
i,R H˜
0
2,R = χ˜
0
i,Rη
∗
iN
∗
i4
(B.14)
The ηi are phases to guarantee the positivity of the neutralino masses.
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For eah Standard Model fermion there are two omplex salar superpartners, whih
an also mix due to the soft breaking terms. Under (not too) speial irumstanes the
transformations from the interation to the mass eigenstates an be assumed to be
orthogonal.
The matries of the mass squares for the sfermions to be diagonalized will always
be denoted in the form
M2
f˜
=

 m2f˜L m2f˜L/R(
m2
f˜L/R
)∗
m2
f˜R

 . (B.15)
It is easy to perform the diagonalization leading to the mass square eigenvalues (usually
taken as m2
f˜1
≤ m2
f˜2
):
m2
f˜1/2,i
=
1
2
(
m2
f˜L,i
+m2
f˜R,i
)
∓ 1
2
√(
m2
f˜L,i
−m2
f˜R,i
)2
+ 4
∣∣∣m2
f˜L/R
∣∣∣2 , (B.16)
while the mixing angle is the solution of
tan θf˜i =
2m2
f˜L/R,i
m2
f˜L,i
−m2
f˜R,i
. (B.17)
The mixing is given by
f˜1,i = f˜L,i cos θf˜i + f˜R,i sin θf˜i
f˜2,i = −f˜L,i sin θf˜i + f˜R,i cos θf˜i
. (B.18)
Note that this is only an orthogonal transformation for real symmetri mass square
matries. If m2
f˜L/R
does have an imaginary part, then there are additional phases
involved in (B.16) and (B.17), but they have to be drastially small in order not to
ontradit CP-violation observations.
VERTICES #
Higgs-Gst.-IA: HAφ, hAφ, H±Hφ∓, H±hφ∓,
H±Aφ∓, Hφφ, hφφ, Hφ+φ−, hφ+φ−
12
Higgs-Gst.-Gauge-IA: Zφ+φ−, γφ+φ−, W±φ∓φ, ZHφ,
Zhφ, W±φ∓H , W±φ∓h, W±Zφ∓, W±γφ∓
14
Gst.-Lepton-IA: ℓ+ℓ−φ, ℓ−ν¯φ+, ℓ+νφ− 3G→ 9
Gst.-Quark-IA: qq¯φ, ud¯φ−, du¯φ+ 2G(G+ 1)
→ 24
Gst.-C/N-ino-IA: χ˜χ˜φ, χ˜+χ˜−φ, χ˜+χ˜φ−, χ˜−χ˜φ+ 30
Gst.-Slepton-IA: ℓ˜+ℓ˜−φ, ℓ˜−ν˜∗φ+, ℓ˜+ν˜φ− 8G→ 24
Gst.-Squark-IA: q˜q˜∗φ, u˜d˜∗φ−, u˜∗d˜φ+ 8G(G+ 1)
→ 96
Table B.5: MSSM, 3-Goldstone-Verties: 10G2 + 21G+ 56→ 209
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We now list the mass square matries for the up and down squarks as well as for the
sleptons and sneutrinos.
up squarks:
m2u˜L,i = m
2
Q˜i
+m2ui +m
2
Z cos(2β)
(
1
2
− 2
3
sin2 θW
)
(B.19a)
m2u˜R,i = m
2
U¯i
+m2ui +
2
3
m2Z cos(2β) sin
2 θW (B.19b)
m2u˜L/R,i = mui ·
(
AUi + (C
U
i + µ
∗) cotβ
)
(B.19)
down squarks:
m2
d˜L,i
= m2
Q˜i
+m2di −m2Z cos(2β)
(
1
2
− 1
3
sin2 θW
)
(B.21)
m2
d˜R,i
= m2D¯i +m
2
di −
1
3
m2Z cos(2β) sin
2 θW (B.22)
m2
d˜L/R,i
= mdi ·
(
ADi − (CDi + µ∗) tanβ
)
(B.23)
sleptons:
m2
ℓ˜L,i
= m2
L˜i
+m2ℓi +
1
2
m2Z cos(2β) sin
2 θW (B.24a)
m2
ℓ˜R,i
= m2E¯i +m
2
ℓi −m2Z cos(2β) sin2 θW (B.24b)
m2
ℓ˜L/R,i
= mℓi ·
(
AEi + (C
E
i + µ
∗) tanβ
)
(B.24)
VERTIZES #
Higgs-Gst.-IA: HHAφ, HhAφ, hhAφ, AAAφ, H+H−Aφ,
H±HHφ∓, H±Hhφ∓, H±hhφ∓, H±AAφ∓, H±HAφ∓,
H±hAφ∓, H±H+H−φ∓, HHφφ, Hhφφ, hhφφ, AAφφ,
H+H−φφ, H±Hφ∓φ, H±hφ∓φ, H±Aφ∓φ, HHφ+φ−,
Hhφ+φ−, hhφ+φ−, AAφ+φ−, H+H−φ+φ−, H±H±φ∓φ∓,
Aφφφ, H±φ∓φφ, Aφ+φ−φ, H±φ∓φ+φ−, φφφφ, φ+φ−φφ,
φ+φ−φ+φ−
46
Higgs-Gst.-Gauge-IA: ZZφφ, ZZφ+φ−, Zγφ+φ−,
γγφ+φ−, W+W−φ+φ−, W+W−φφ, W±Zφ∓φ, W±γφ∓φ,
W±Zφ∓H , W±γφ∓H , W±Zφ∓h, W±γφ∓h
18
Slepton-Gst.-IA: ν˜ν˜∗Aφ, ν˜ν˜∗H±φ∓, ν˜ν˜∗φ+φ−, ν˜ν˜∗φφ,
ℓ˜+ℓ˜−Aφ, ℓ˜+ℓ˜−H±φ∓, ℓ˜+ν˜hφ−, ℓ˜−ν˜∗hφ+, ℓ˜+ν˜Aφ−, ℓ˜−ν˜∗Aφ+,
ℓ˜+ν˜φφ−, ℓ˜−ν˜∗φφ+, ℓ˜+ℓ˜−φ+φ−, ℓ˜+ℓ˜−φφ, ℓ˜+ν˜H−φ, ℓ˜−ν˜∗H+φ,
ℓ˜+ν˜Hφ−, ℓ˜−ν˜∗Hφ+
45G
→ 135
Squark-Gst.-IA: q˜q˜∗Aφ, q˜q˜∗H±φ∓, q˜q˜∗φ+φ−, q˜q˜∗φφ,
u˜∗d˜H+φ, u˜d˜∗H−φ, u˜∗d˜Hφ+, u˜d˜∗Hφ−, u˜∗d˜hφ+, u˜d˜∗hφ−,
u˜∗d˜Aφ+, u˜d˜∗Aφ−, u˜∗d˜φ+φ, u˜d˜∗φ−φ
40G ·
(G+ 1)
→ 480
Table B.6: MSSM, 4-Goldstone-Verties: 40G2 + 85G+ 64→ 679
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sneutrinos:
As long as there are no right-handed neutrino elds there is no mixing between the
left- and righthanded sneutrinos. Their mass square is
m2L,i +
1
4
m2Z cos(2β) sin
2 θW (B.25)
The disussion of the mass terms and the CKM mixing is more or less the same as
in the Standard Model or the non-supersymmetri two Higgs-doublet model.
For more details about the MSSM f. [7℄, [5℄.
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Appendix C
Some tehnialities
C.1 Proof of (3.3)
Here we want to prove the relations (3.3), whih are nothing but the inverse Fourier
transformations bak from the Fourier modes to the eld operators. The Fourier ex-
pansions of the eld operators are
φ(x) =
∫
d3~k
(2π)32E
(
a(k)e−ikx + a†(k)e+ikx
)
,
ψ(x) =
∫
d3~k
(2π)32E
∑
σ
(
b(k, σ)u(k, σ)e−ikx + d†(k, σ)v(k, σ)e+ikx
)
, (C.1)
ψ(x) =
∫
d3~k
(2π)32E
∑
σ
(
b†(k, σ)u(k, σ)e+ikx + d(k, σ)v(k, σ)e−ikx
)
.
In the Majorana ase the last two relations are equivalent and read:
ψ(x) =
∫
d3~k
(2π)32E
∑
σ
(
b(k, σ)u(k, σ)e−ikx + b†(k, σ)v(k, σ)e+ikx
)
,
ψ(x) =
∫
d3~k
(2π)32E
∑
σ
(
b†(k, σ)u(k, σ)e+ikx + b(k, σ)v(k, σ)e−ikx
) (C.2)
The inverse relations (3.3) an be simply veried by inserting the Fourier expansions
of the eld operators:
a(k)
!
= i
∫
d3~x eikx
↔
∂ t
∫
d3~p
(2π)32E
(
a(p)e−ipx + a†(p)e+ipx
)
= i
∫
d3~xeikx
∫
d3~p
(2π)32E
(
a(p)(−iE − ik0)e−ipx + a†(p)(+iE − ik0)e+ipx
)
=
∫
d3~p
2E
(
a(p)(E + k0)δ3(~k − ~p)
∣∣∣∣
k0=E
+ a†(p)(k0 − E)δ3(~k + ~p)
∣∣∣∣
k0=E
e2iEx
0
)
= a(k)
√
(C.3)
In the fermioni ase:
b(k, σ)
!
=
∫
d3~x
(
u(k, σ)γ0
∫
d3~p
(2π)32E
∑
τ
(
b(p, τ)u(p, τ)e−ipx
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+d†(p, τ)v(p, τ)e+ipx
))
eikx
= u(k, σ)γ0
∫
d3~p
2E
∑
τ
(
b(p, τ)u(p, τ)δ3(~p− ~k)
∣∣∣∣
k0=E
+ d†(p, τ)v(p, τ)δ3(~k + ~p)
∣∣∣∣
k0=E
e2iEx
0
)
=
1
2E
∑
τ
(
b(k, τ)u(~k, σ)γ0u(~k, τ) + d†(k, τ)u(~k, σ)γ0v(−~k, τ)
)
= b(k, σ)
√
(C.4)
In the last step we used the identities
u(~k, σ)γ0u(~k, τ) = u†(~k, σ)u(~k, τ) = 2E δστ
u†(~k, σ)v(−~k, τ) = 0,
(C.5)
whih, for example, an be found in the book of Peskin/Shroeder [22℄ on p. 48.
C.2 Fierz identities
We briey summarize the Fierz identities as they an be found in [23℄. In the following,
θi, i = 1, . . . , 4 are four antiommuting, i.e. Grassmann-odd four-omponent spinors
like fermion eld operators or superspae oordinates. The salar, vetorial, tensorial,
axialvetorial and pseudosalar ombination are
s(4, 2 ; 3, 1) =
(
θ4θ2
) (
θ3θ1
)
(C.6a)
v(4, 2 ; 3, 1) =
(
θ4γ
µθ2
) (
θ3γµθ1
)
(C.6b)
t(4, 2 ; 3, 1) =
1
2
(
θ4σ
µνθ2
) (
θ3σµνθ1
)
(C.6)
a(4, 2 ; 3, 1) =
(
θ4γ
5γµθ2
) (
θ3γµγ
5θ1
)
(C.6d)
p(4, 2 ; 3, 1) =
(
θ4γ
5θ2
) (
θ3γ
5θ1
)
(C.6e)
Wath arefully the onvention with respet to the axial vetor adopted from [23℄. The
Fierz identities provide a possibility to rewrite the spinor produts with ombinations
(4, 2 ; 3, 1) as (4, 1 ; 3, 2):

s
v
t
a
p

 (4, 2 ; 3, 1) = −
1
4


1 1 1 1 1
4 −2 0 2 −4
6 0 −2 0 6
4 2 0 −2 −4
1 −1 1 −1 1




s
v
t
a
p

 (4, 1 ; 3, 2) (C.7)
C.3 Derivation of ouplings with momenta
In this short aside we want to get rid of the onfusion with respet to the signs of
momenta in 3-point verties, e.g. arising in gauge theories by oupling two salar elds
to a gauge boson. The term under onsideration is established by the trilinear terms in
the kineti parts in the Lagrangean density after having substituted the partial by the
C.3. DERIVATION OF COUPLINGS WITH MOMENTA 137
gauge ovariant derivatives. By splitting the (neessarily omplex) elds (harge!) in
real and imaginary part we arrive at ouplings with real elds. In the sequel we onsider
a 3-point vertex in whih the salar elds φ1 and φ2 possess the momenta p1 and p2
owing into the vertex while the vetor boson Aµ  not of interest in the following 
has the inoming momentum p3. The vertex looks like:
φ1, p1, x1
A, µ, p3, x3
φ2, p2, x2
y (C.8)
Its analytial form is:
L
int
= eAµ (φ1∂
µφ2 − φ2∂µφ1) (C.9)
All prefators, numerial ones and also fators of i are understood to have been absorbed
into the oupling onstant. We think about this vertex as being part of an n-point
Green funtion, so that the elds of this interation term are ontrated with other eld
operators to give the propagators to be disussed below. This is shown here only with
one term, the other is analogous; furthermore, as mentioned above, we ignore the vetor
eld. It is not needed in the following disussion. To be more preise, we add to the
derivatives the spaetime argument they at upon:
φ1(x1)φ1(y)∂
µ
y φ2(y)φ2(x2) = DF (x1 − y)∂µyDF (y − x2) (C.10)
For the Feynman propagators in momentum spae we have to perform the Fourier
transformation from oordinate spae with the momentum owing from y to x1, that
is −p1, and with the momentum owing from x2 to y, that is p2. Note that due to
DF (x− y) = φ(x)φ(y) = 〈0 T [φ(x)φ(y)] 0〉 =
∫
d4p
(2π)4
ie−ip(x−y)
p2 −m2 + iǫ (C.11)
the Fourier momentum ows from y to x aording to the time ordering. This yields:
DF (x1 − y)∂µyDF (y − x2) F.T.−→ (−ipµ2 )F.T.DF (x1 − y)DF (y − x2). (C.12)
Finally, the analytial expression for the vertex (with the additional fator i stemming
from the perturbation expansion) beomes:
φ1, p1, x1
A, µ, p3, x3
φ2, p2, x2
y = e (p2 − p1)µ (C.13)
This an be stated as the mnemoni:
i∂µ −→ +(inoming momentum)µ (C.14)
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Appendix D
Details to the supersymmetri
urrent
D.1 The urrent for a general model without gauge
symmetry
In this setion we want to briey repeat the derivation of the supersymmetri urrent
for a general model without gauge symmetries from [3℄ and prove its onservation not
shown in the referene. The Lagrangean density of a general model given by a quantum
eld theory endowed with exat supersymmetry an be found in the equations (26.3.30),
(26.4.7) and (26.7.7) in [3℄:
L =
∑
n
[
(∂µφ
∗
n)(∂
µφn) + F
∗
nFn +
i
2
(
ψn,L /∂ ψn,L
)
+
i
2
(
ψn,R /∂ ψn,R
)]
− 1
2
∑
n,m
∂2f(φ)
∂φn∂φm
(
ψn,Rψm,L
)− 1
2
∑
n,m
(
∂2f(φ)
∂φn∂φm
)∗ (
ψn,Lψm,R
)
+
∑
n
Fn
∂f(φ)
∂φn
+
∑
n
F ∗n
(
∂f(φ)
∂φn
)∗
(D.1)
In this general model there are n dierent hiral superelds. f is an arbitrary funtion
of these hiral superelds; when we impose renormalizability as a onstraint, it is only
allowed to be a polynom with degree three as an upper bound. The Noether part an
be alulated by (7.17)
Nµ = −
∑
n
[√
2(∂µφ∗n)ψn,L +
√
2(∂µφn)ψn,R +
1√
2
(/∂φn)γ
µψn,R
+
1√
2
(/∂φ∗n)γ
µψn,L − i√
2
Fnγ
µψn,R − i√
2
F ∗nγ
µψn,L
] (D.2)
Next we derive the SUSY transformation of the general Lagrangean density in the
same manner as for the WZ model, writing it in the form
S
general
=
1
2
∑
n
∫
d4x
[
Φˆ†nΦˆn
]
D
+
∫
d4x
[
f(Φˆ)
]
F
+
∫
d4x
[
f(Φˆ)
]∗
F
. (D.3)
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The kineti part an be taken from (7.12),
Kµ
kin
=
1√
2
γµ
∑
n
(
(/∂φn)ψn,R + (/∂φ
∗
n)ψn,L − iFnψn,R − iF ∗nψn,L
)
. (D.4)
For the ontribution to the urrent from the potential we remember that
δξLpot =
(
δξ
[
f(Φˆ)
]
F
+ h..
)
=
(
−i
√
2 ξ/∂
[
f(Φˆ)
]
ψL
+ h..
)
(D.5)
for the SUSY transformation of the superpotential. When expanding the superpotential
in a power series of the superelds,
f(Φˆ) =
∞∑
k=0
∑
n1,n2,...,nk
n1+n2+...+nk=k
fn1n2...nkΦˆ
n1
i1
· Φˆn2i2 · . . . · Φˆnkik ,
with ij ∈ {appearing superelds}, the spinor omponent of the superpotential an easily
be read o:
[
f(Φˆ)
]
ψL
=
∑
n
(
∂f(φ)
∂φn
)
ψn,L . (D.6)
By the notation f(φ) we want to stress that the superelds as arguments of the funtion
f have been replaed by their salar omponents. This produes the potential part of
the supersymmetri urrent
Kµ
pot
= −i
√
2
∑
n
γµ
[(
∂f(φ)
∂φn
)
ψn,L +
(
∂f(φ)
∂φn
)∗
ψn,R
]
. (D.7)
Finally the supersymmetri urrent for a general model (without gauge interations
whih will be studied later on) is:
J µ = −
√
2
∑
n
[
(/∂φn)γ
µψn,R + (/∂φn)
∗γµψn,L
+ iγµ
(
∂f(φ)
∂φn
)
ψn,L + iγ
µ
(
∂f(φ)
∂φn
)∗
ψn,R
]
(D.8)
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We hek the urrent onservation:
− 1√
2
∂µJ µ =
∑
n
[
(φn)ψn,R + (φ
∗
n)ψn,L + (/∂φn)(/∂ψn,R) + (/∂φ
∗
n)(/∂ψn,L)
+ i
(
∂f(φ)
∂φn
)
/∂ψn,L + i
(
∂f(φ)
∂φn
)∗
/∂ψn,R
]
+ i
∑
m,n
[(
∂2f(φ)
∂φm∂φn
)
(/∂φm)ψn,L +
(
∂2f(φ)
∂φm∂φn
)∗
(/∂φ∗m)ψn,R
]
=
∑
n
[
−1
2
∑
k,l
(
∂3f(φ)
∂φn∂φk∂φl
)(
ψk,Rψl,L
)
ψn,L
− 1
2
∑
k,l
(
∂3f(φ)
∂φn∂φk∂φl
)∗ (
ψk,Lψl,R
)
ψn,R
+
∑
k
Fk
(
∂2f(φ)
∂φn∂φk
)
ψn,L +
∑
k
F ∗k
(
∂2φ
∂φn∂φk
)∗
ψn,R
− iFn(/∂ψn,L)− iF ∗n(/∂ψn,R)
]
In the rst identity the underlined terms vanish due to the equations of motion for the
fermions. For the seond equality the equations of motion for the salar partiles were
inserted yielding the leading four terms. The two rightmost terms are produed using
the equation of motion for the auxiliary elds Fn and F
∗
n . The doubly underlined terms
anel due to the fermions' equations of motion. There still remain the trilinear fermion
terms. The three indies are summed over, so we an split the terms in three yli
ontributions (it will prove easier to use the 2-spinor formalism here):
− 1
2
∑
n,k,l
(
∂3f(φ)
∂φn∂φk∂φl
)
(ψk,Rψl,L)ψn,L + h..
= −1
6
∑
n,k,l
(
∂3f(φ)
∂φn∂φk∂φl
)(
(ψkψl)ψn + (ψlψn)ψk + (ψnψk)ψl
)
+ h.. = 0 (D.9)
This vanishes due to the Shouten identity, f. for instane [32℄, whih is valid for
Grassmann odd 2-spinors as well, for there is always an even number of transpositions
in the yli sum.
D.2 Derivation of the SYM urrent
Here we present the detailed derivation of the SYM urrent omitted in the text.
We apply the de WitFreedman transformation to the matter Lagrangean density
(9.5) and get:
δ˜ξ
[
(Dµφ)
†
(Dµφ)
]
=
√
2 (Dµφ)
† (
ξDµΨL
)
+ ig (Dµφ)
†
(
ξγµγ5 ~Tφ · ~λ
)
+
√
2 (Dµφ)
T (
ξDµΨR
)− igφ† (ξγµγ5 ~T~λ)Dµφ (D.10)
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δ˜ξ
[
F †F
]
= − i
√
2F †
(
ξ /DΨL
)− i√2FT (ξ /DΨR)+ 2gF † (ξ ~Tφ · ~λR)
+ 2gφ†
(
ξ ~TF · ~λR
)
(D.11)
δ˜ξ
[ i
2
Ψ /DΨ
]
= − 1√
2
(
ξγµ (Dµφ)
† /DΨL
)
+
i√
2
(
ξF † /DΨL
)
+
1√
2
(
ξγµγν
(
DνDµφ
T
)
ΨR
)− i√
2
(
ξ
(
/DFT
)
ΨR
)
− 1√
2
(
ξγµ (Dµφ)
T
/DΨR
)
+
i√
2
(
ξFT /DΨR
)
+
1√
2
(
ξγµγν (DνDµφ)
†
ΨL
)
− i√
2
(
ξ( /DF †)ΨL
)
− g
2
(
ξγµγ
5~λ
)
·
(
ΨLγ
µ ~TΨL
)
+
g
2
(
ξγµγ
5~λ
)
·
(
ΨRγ
µ ~TΨR
)
(D.12)
δ˜ξ
[
−
√
2g~λ · φ† ~TΨL
]
=
ig√
2
(
ξγ5γνγµ ~Fµν · φ† ~TΨL
)
−
√
2g
(
ξ ~D · φ† ~TΨL
)
− 2g (ξΨR) (~λ · ~TΨL)− 2ig (ξφ† ~T ( /Dφ) · ~λL)
− 2g
(
ξφ† ~TF · ~λ
)
(D.13)
δ˜ξ
[
−
√
2gΨL ~Tφ · ~λ
]
= − 2ig
(
ξγµ(Dµφ)
† ~Tφ · ~λR
)
− 2g
(
ξF † ~Tφ · ~λR
)
− 2g (ξΨL) (ΨL ~T · ~λ)+ ig√
2
(
ξγ5γνγµ ~Fµν · φT ~TΨR
)
−
√
2g
(
ξ ~D · φ~TΨR
)
(D.14)
δ˜ξ
[
gφ† ~Tφ · ~D
]
=
√
2g
(
ξ ~D · φ~TΨR
)
+
√
2g
(
ξ ~D · φ† ~TΨL
)
− ig
(
φ† ~Tφ
)
·
(
ξ /D~λ
)
(D.15)
δ˜ξW(φ,Ψ, F ) ≡ ∂µξK˜µ(φ,Ψ, F ) (D.16)
Now we start to examine all the produed terms. At rst, all terms ontaining four
spinors anel eah other  the two rightmost terms of (D.12) and the third term of
(D.13) and (D.14), respetively. Using the Fierz identities (note again the global sign
due to the presene of antiommuting spinors) yields:
− 2g (ξRΨL) (ΨL ~T · ~λR)
=
g
2
(
ξR~λR
)
·
(
ΨL ~TΨL
)
+
g
2
(
ξRγ
µ~λR
)
·
(
ΨLγµ ~TΨL
)
+
g
4
(
ξRσ
µν~λR
)
·
(
ΨLσµν ~TΨL
)
+
g
2
(
ξRγ
µγ5~λR
)
·
(
ΨLγ
5γµ ~TΨL
)
+
g
2
(
ξRγ
5~λR
)
·
(
ΨLγ
5 ~TΨL
)
= −g
(
ξRγ
µγ5~λR
)
·
(
ΨLγµγ
5 ~TΨL
)
The underlined terms vanish here and in the following alulation, sine salar, pseu-
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dosalar and tensor bilinears annot ouple spinors of like hirality to eah other.
− 2g (ξLΨR) (~λR ~T ·ΨL) = −2g (ξLΨR) (ΨR ~T~λL)
= −g
(
ξLγ
µγ5~λL
)
·
(
ΨRγµγ
5 ~TΨR
)
For the other terms we get:
g
2
(
ξγµγ
5~λ
)
· (ΨRγµγ5ΨR)
=
g
2
(
ξLγµγ
5~λL
)
· (ΨRγµγ5ΨR)+ g
2
(
ξRγµγ
5~λR
)
· (ΨRγµγ5ΨR)
=
g
2
(
ξLγµγ
5~λL
)
· (ΨRγµγ5ΨR)+ g
2
(
ξRγµγ
5~λR
)
· (ΨLγµγ5ΨL)
g
2
(
ξγµγ
5~λ
)
· (ΨLγµγ5ΨL)
=
g
2
(
ξLγµγ
5~λL
)
· (ΨLγµγ5ΨL)+ g
2
(
ξRγµγ
5~λR
)
· (ΨLγµγ5ΨL)
=
g
2
(
ξLγµγ
5~λL
)
· (ΨRγµγ5ΨR)+ g
2
(
ξRγµγ
5~λR
)
· (ΨRγµγ5ΨR)
Eah of the seond manipulations for the two latest identities follow from the Majorana
properties of the spinor eld Ψ. As promised, all four terms from the last four identities
anel.
It is obvious that all terms ontaining the auxiliary elds Da  the seond from
(D.13), the last from (D.14) and the rst two from (D.15)  give zero.
Let us onsider the terms ontaining F † now. There are ve of them: the rst and
third term in (D.11), the seond and eighth from (D.12) and the seond term of (D.14).
As is immediately seen, the latter anels the third term from (D.11). What remains
is:
− i
√
2
(
ξF † /DΨL
)
+
i√
2
(
ξF † /DΨL
)− i√
2
(
ξ(F †
←−
/D ′)ΨL
)
= − i√
2
(
ξF † /DΨL
)− i√
2
(
ξ(F †
←−
/D ′)ΨL
)
= − i√
2
∂µ
(
ξγµF †ΨL
)
(D.17)
The symbol D′µ introdued here is the ovariant derivative originally ating on the
righthanded spinor eld ΨR, so it has the opposite sign ompared to the ovariant
derivative for the lefthanded elds. Only the ontributions with the partial derivatives
survive.
The alulation for the parts with FT (or F ) proeeds analogously. Here the last
term of (D.13) and the last one from (D.11) anel, leaving the seond term of (D.11)
as well as the fourth and sixth from (D.12):
− i
√
2
(
ξFT /DΨR
)− i√
2
(
ξ(FT
←−
/D ′)ΨR
)
+
i√
2
(
ξFT /DΨR
)
= − i√
2
∂µ
(
ξγµFTΨR
) (D.18)
Herein D′µ is the ovariant derivative originally ating on the lefthanded spinor ΨL.
Again, only the terms with the partial derivatives remain.
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Next we turn our attention to the ontributions ontaining both φ and φ†, i.e. the
seond and fourth of (D.10), the fourth term of (D.13), the rst of (D.14) and the
rightmost of (D.15). We split the ovariant derivatives in partial derivatives and the
gauge eld parts:
ig
(
ξ( /Dφ†)γ5 ~Tφ · ~λ
)
− ig
(
ξγµγ
5φ† ~T (Dµφ) · ~λ
)
− 2ig
(
ξγµφ† ~T (Dµφ) · ~λL
)
− 2ig
(
ξγµ(Dµφ)
† ~Tφ · ~λR
)
− ig
(
φ† ~Tφ
)
·
(
ξ /D~λ
)
= ig
(
ξ(/∂φ†)γ5 ~Tφ · ~λ
)
− ig
(
ξφ† ~T (/∂φ)γ5 · ~λ
)
− ig
(
ξφ† ~T (/∂φ) · (1− γ5)~λ
)
− ig
(
ξ(/∂φ†)~Tφ · (1 + γ5)~λ
)
− ig
(
ξφ† ~Tφ · /∂~λ
)
− g2
(
ξγµγ5φ† ~T (~T · ~Aµ)φ · ~λ
)
− g2
(
ξγµγ5φ† ~T (~T · ~Aµ)φ · ~λ
)
− g2
(
ξγµφ† ~T (~T · ~Aµ)φ · (1− γ5)~λ
)
+ g2
(
ξγµφ†(~T · ~Aµ)~Tφ · (1 + γ5)~λ
)
− ig2
(
φ† ~Tφ
)
· (ξfabcAbµγµλc)
= −ig∂µ
(
ξγµφ† ~Tφ · ~λ
)
+ g2
(
ξγµφ†
[
T a, T b
]
φAaµλ
b
)− ig2(ξγµφ†T aφfabcAbµλc)
Underlined ontributions anel eah other. The terms in the last line vanish due to
the Lie algebra of the gauge group. We get the gradient
−ig∂µ
(
ξγµφ† ~Tφ · ~λ
)
(D.19)
With the help of the algebra of ovariant derivatives
DµDν −DνDµ = −ig ~T · ~Fµν (D.20)
we an rewrite the two terms with the eld strength tensor of the gauge eld, the rst
term of (D.13) and the fourth in (D.14):
ig√
2
(
ξγ5γνγµ ~Fµν · φ† ~TΨL
)
+
ig√
2
(
ξγ5γνγµ ~Fµν · φT ~TΨR
)
= − ig√
2
(
ξγνγµ ~Fµν · φ† ~TΨL
)
+
ig√
2
(
ξγνγµ ~Fµν · φT ~TΨR
)
= +
1√
2
(
ξγνγµ
[
(D†νD
†
µ −D†µD†ν)φ†
]
ΨL
)− 1√
2
(
ξγνγµ
[
(DµDν −DνDµ)φT
]
ΨR
)
The order of spaetime indies in both terms an be understood from the fat that in the
rst one the ommutator of ovariant derivatives ats upon the Hermitean adjoint salar
eld and therefore to the left, so we have to replae the operators by their Hermitean
adjoints and to revert their order. For the right term there is no suh eet sine
we simply have the transposed representation of the gauge group there. Consider all
missing terms ontaining the salar eld or its adjoint together with the spinor eld Ψ
(i.e. the rst and third from (D.10) and the rst, third, fth and seventh in (D.12)),
and use the Dira algebra
ηµν =
1
2
(γµγν + γνγµ) (D.21)
D.2. DERIVATION OF THE SYM CURRENT 145
for the following manipulations (underlined terms anel after summing up all terms)
√
2
(
ξ(Dµφ)
†DµΨL
)
=
1√
2
(
ξ(γµγν + γνγµ)(Dµφ)
†DνΨL
)
√
2
(
ξ(Dµφ)
TDµΨR
)
=
1√
2
(
ξ(γµγν + γνγµ)(Dµφ)
TDνΨR
)
− 1√
2
(
ξγµ(Dµφ)
† /DΨL
)
= − 1√
2
(
γµγν(Dµφ)
†DνΨL
)
1√
2
(
ξ(φT
←−
/D
←−
/D)ΨR
)
=
1√
2
(
ξγµγν(DνDµφ
T )ΨR
)
− 1√
2
(
ξγµ(Dµφ)
T /DΨR
)
=− 1√
2
(
ξγµγν(Dµφ)
TDνΨR
)
1√
2
(
ξ(φ
←−
Dµ)
†γµ
←−
/D ′ΨL
)
=
1√
2
(
ξγµγν(D′ν(Dµφ)
†)ΨL
)
After adding the ontributions from the eld strength tensors we arrive at:
1√
2
ξγνγµ
{
(Dµφ)
†DνΨL + (Dµφ)TDνΨR + (DµDνφT )ΨR + (D′µ(Dνφ)
†)ΨL
+ (D†νD
†
µφ
†)ΨL − (D†µD†νφ†)ΨL − (DµDνφT )ΨR + (DνDµφT )ΨR
}
=
1√
2
ξγνγµ
{
(Dµφ)
†DνΨL + (Dµφ)TDνΨR + (D†µD
†
νφ
†)ΨL + (D†νD
†
µφ
†)ΨL
− (D†µD†νφ†)ΨL + (DνDµφT )ΨR
}
=
1√
2
∂µ
{(
ξγµγν(Dνφ)
†ΨL
)
+
(
ξγµγν(Dνφ)
TΨR
)}
For the seond identity it has been used, that the primed ovariant derivative originally
ating on the righthanded fermion eld and hene endowed with a positive sign in front
of the gauge eld, is idential to the Hermitean adjoint of the ordinary ovariant
derivative (in the fundamental representation). In the last equation all gauge eld
ontributions from the seond ovariant derivatives in eah term anel, hene the nal
result is a total derivative. We also relabelled the indies (µ↔ ν).
Altogether, for the de Wit-Freedman transformation of the matter Lagrangean den-
sity, we get the total derivative
δ˜ξLmat = − i√
2
∂µ
(
ξF †γµΨL
)− i√
2
∂µ
(
ξFTγµΨR
)
+
1√
2
∂µ
(
ξγµγν(Dνφ)
†ΨL
)
+
1√
2
∂µ
(
ξγµγν(Dνφ)
TΨR
)− ig∂µ (ξγµφ† ~Tφ · ~λ)+ ∂µξK˜µ(φ,Ψ, F )
(D.22)
We now turn to the gauge part of the Lagrangean density, (9.6). The transformations
of the various parts are
δ˜ξ
[
i
2
(
λaγµ(Dµλ)
a
)]
=
1
4
(
ξγ5γνγµγαF aµν (Dαλ)
a
)− 1
4
(
ξγ5γνγµγα(DαFµν)
aλa
)
+
i
2
(
ξγµDa(Dµλ)
a
)− i
2
(
ξγµ(DµD)
aλa
)
(D.23)
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δ˜ξ
[
−1
4
F aµνF
µν
a
]
= Fµνa ∂µ
(
ξγνγ
5λa
)
+ gFµνa f
a
bc
(
ξγµγ
5λb
)
Acν (D.24)
δ˜ξ
[
1
2
DaDa
]
= − iDa (ξ /Dλ)a (D.25)
The term −(ig/2)fabc
(
λaγµλc
) (
ξγµγ
5λb
)
produed by the transformation of the
gauge eld in the ovariant derivative vanishes due to the Fierz identities: The salar,
pseudosalar and vetor parts vanish beause the bilinears ontrated with the totally
antisymmetri struture onstants fabc are symmetri in the gauge group indies (ab)
sine they are built from Majorana spinors. Note that sine we are using γ5λb as spinor
in the Fierz identity the vetor part beomes the axial vetor and vie versa. Only the
pseudovetor is antisymmetri and survives. After relabelling the indies we get
fabc
(
λaγµλc
) (
ξγµγ
5λb
)
= +
1
2
fabc
(
λaγµλc
) (
ξγµγ
5λb
)
= 0, (D.26)
whih is seen to vanish after a seond Fierz transformation.
The terms ontaining the auxiliary eld Da (the rightmost from (D.23) and (D.25))
together yield:
− i
2
(
ξDa( /Dλ)a
)− i
2
(
ξ( /DD)aλa
)
= − i
2
(
ξDa(/∂λa)
)− i
2
(
ξ(/∂Da)λa
)− ig
2
(
ξγµDafabcA
b
µλ
c
)− ig
2
(
ξγµfabcA
b
µD
cλa
)
= − i
2
∂µ
(
ξγµDaλa
)
(D.27)
Underlined terms anel eah other.
To alulate the remaining terms with the eld strength tensors we need the following
identity for gamma matries,
[γµ, γν ] γρ = −2ηµργν + 2ηνργµ − 2iǫµνρσγσγ5, (D.28)
whih an be easily derived by expanding a general 4 × 4 matrix as a linear ombi-
nation of the 16 gamma matries I, γ5, σµν , γµ, γµγ5. As the only available Lorentz
invariant tensor oeients are the metri ηµν and the Levi-Cività tensor ǫµνρσ , the
three leftmost ombinations are not possible. Considering the properties under parity
transformation shows that only the produt of metri and tensor as well as the produt
of the pseudovetor with the Epsilon-tensor are allowed. The expliit prefators an be
alulated by inserting (121) and (123) for (µνρ).
With the identity (D.28) we are able to rewrite one of the appearing terms:
(
ξγ5γβγαγµ(DµFαβ)
aλa
)
=
1
2
(
ξγ5
[
γβ , γα
]
γµ(DµFαβ)
aλa
)
= − (ξγ5γα(DβFαβ)aλa)+ (ξγ5γβ(DαFαβ)aλa)
− i (ξγ5γσγ5ǫσβαµ(DµFαβ)aλa)
= − 2 (ξγ5γα(DβFαβ)aλa) (D.29)
The rst identity as well as the equality of the rst two terms in the middle line hold
due to the antisymmetry of the eld strength tensor in the spaetime indies. The
Bianhi identity of non-Abelian gauge theories auses the third term in the middle line
to vanish.
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We ollet the remaining terms:
1
4
(
ξγ5γβγαγµF aαβ(Dµλ)
a
)− 1
4
(
ξγ5γβγαγµ(DµFαβ)
aλa
)
+ Fµνa ∂µ
(
ξγνγ
5λa
)
+ gFµνa f
a
bc
(
ξγµγ
5λb
)
Acν
=
1
4
(
ξγ5γβγαγµF aαβ(∂µλ
a)
)
+
g
4
(
ξγ5γβγαγµF aαβf
a
bcA
b
µλ
c
)
+
1
4
(
ξγ5γβγαγµ(∂µF
a
αβ)λ
a
)
+
g
4
(
ξγ5γβγαγµfabcA
b
µF
c
αβλ
a
)
− 1
2
(
ξγ5γβγαγµ(DµFαβ)
aλa
)
+ Fµνa ∂µ
(
ξγνγ
5λa
)
+ gFµνa f
a
bc
(
ξγµγ
5λb
)
Acν
(D.28)
=
1
4
∂µ
(
ξγαγβγµγ5F aαβλ
a
)
+ Fµνa ∂µ
(
ξγνγ
5λa
)
+ gFµνa f
a
bc
(
ξγµγ
5λb
)
Acν
+
(
ξ(∂βF
βα
a )γαγ
5λa
)
+ gFαβc f
a
bc
(
ξγ5γαλ
a
)
Abβ
=
1
4
∂µ
(
ξγαγβγµγ5F aαβλ
a
)
+ ∂µ
(
ξFµνa γνγ
5λa
)
(D.30)
The divergene to whih the gauge part of the Lagrangean density of an SYM theory
is transformed under a de Wit-Freedman transformation nally is:
δ˜ξLgauge = ∂µ
(
ξFµνa γνγ
5λa
)
+
1
4
∂µ
(
ξγαγβγµγ5F aαβλ
a
)− i
2
∂µ
(
ξγµDaλa
)
(D.31)
The last point is a possible Fayet-Iliopoulos ontribution. Its transformation an be
written down immediately:
δ˜ξLFI = −i∂µ
(
ξγµζaλa
)
(D.32)
In the long run we have to onstrut the urrent from the ontribution of the SUSY
transformation of the Lagrangean density and the Noether part. The terms produed
by the SUSY transformation of the superpotential are idential to those found for the-
ories without gauge symmetry, (D.7). We an think of the problem as having gauged
the global symmetry in the models disussed earlier. As the superpotential ontains no
derivatives of the elds, this ontribution to the Lagrangean density is then of ourse
also loally invariant. The dierene between the ordinary SUSY transformations and
the de WitFreedman transformations an be written as a loal gauge transformation
with speial salar and spinor elds as gauge parameters (f. [26℄). Sine the superpo-
tential is invariant under SUSY transformations as well as under gauge transformations
and also under the above mentioned speial gauge transformations, it is invariant un-
der de WitFreedman transformations. As the superpotential ontains no derivatives it
does not ontribute to the urrent,
K˜µ
loal
= K˜µ
global
. (D.33)
The Noether part of the supersymmetri urrent is:∑
all elds
∂RL
∂(∂µΛ)
δ˜ξΛ = −ξNµ (D.34)
Finally, we have the ontributions:
∂L
∂(∂µφ)
δ˜ξφ =
√
2(Dµφ)†
(
ξΨL
)
(D.35)
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∂L
∂(∂µφ†)
δ˜ξφ
† =
√
2(Dµφ)
(
ξΨR
)
(D.36)
∂L
∂(∂µΨ)
δ˜ξΨ =
1√
2
(
ξγνγµ
(
(Dνφ)
TPR + (Dνφ)†PL
)
Ψ
)
− i√
2
(
ξγµ
(
FTPR + F †PL
)
Ψ
)
(D.37)
∂L
∂(∂µλa)
δ˜ξλ
a = − 1
4
(
ξγαγβγµγ5F aαβλ
a
)− i
2
(
ξγµDaλa
)
(D.38)
∂L
∂(∂µAaν)
δ˜ξA
a
ν = F
µν
a
(
ξγνγ
5λa
)
(D.39)
Adding these terms to the ontributions from the variation of the Lagrangean density
(D.22), (D.31), (D.32), we arrive at the supersymmetri urrent for supersymmetri
Yang-Mills theories, whih has the form
J µ = −
√
2γνγµ(Dνφ)
TΨR −
√
2γνγµ(Dνφ)
†ΨL − iγµζaλa
+
1
2
γαγβγµγ5F aαβλ
a − igγµ
(
φ† ~Tφ
)
· ~λ
− i
√
2γµ
(
∂f(φ)
∂φ
)T
ΨL − i
√
2γµ
(
∂f(φ)
∂φ
)†
ΨR
. (D.40)
D.3 Proof of SYM urrent onservation
In this setion we want to hek the onservation of the supersymmetri urrent for
super-YangMills theories given in (D.40). For this purpose, we list the equations of
motion of all partiipating elds:
(DµD
µ)φ = −
√
2g~λ · ~TΨL + g ~Tφ · ~D − 1
2
(
∂3f(φ)
∂φ3
)† (
ΨLΨR
)
+ F †
(
∂2f(φ)
∂φ2
)†
(D.41)
(DµD
µφ)† = −
√
2gΨL ~T · ~λ+ gφ† ~T · ~D − 1
2
(
∂3f(φ)
∂φ3
)(
ΨRΨL
)
+ F
(
∂2f(φ)
∂φ2
)
(D.42)
i /DΨL =
√
2g ~Tφ · ~λR +
(
∂2f(φ)
∂φ2
)†
ΨR (D.43)
i /DΨR =
√
2gφ† ~T · ~λL +
(
∂2f(φ)
∂φ2
)
ΨL (D.44)
i( /Dλ)a =
√
2gφ†T aΨL +
√
2gT aφΨR (D.45)
Da = − ζa − g (φ†T aφ) (D.46)
F = −
(
∂f(φ)
∂φ
)†
(D.47)
F † = −
(
∂f(φ)
∂φ
)
(D.48)
∂µF
µν
a = gfabcF
νρ
c A
b
ρ −
(
igφ†T a
)
(Dνφ) + ig(Dνφ)†(T aφ)
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− g
2
(
ΨLγ
νT aΨL
)
+
g
2
(
ΨRγ
νT aΨR
)− ig
2
(
λbfabcγ
νλc
)
(D.49)
The divergene of the urrent is:
∂µJ µ = −
√
2γνγµ
[
∂µ(Dνφ)
T
]
ΨR −
√
2γνγµ
[
∂µ(Dνφ)
†
]
ΨL −
√
2γν(Dνφ)
T /∂ΨR
−
√
2γν(Dνφ)
†/∂ΨL − iζa/∂λa + 1
2
γαγβγµγ5(∂µF
a
αβ)λ
a − 1
2
γαγβγ5F aαβ/∂λ
a
− ig(/∂φ†)~Tφ · ~λ− igφ† ~T (/∂φ) · ~λ− ig
(
φ† ~Tφ
)
· /∂~λ
−
√
2 i
(
∂2f(φ)
∂φ2
)T
(/∂φ)ΨL −
√
2 i
(
∂2f(φ)
∂φ2
)†
(/∂φ†)ΨR
−
√
2 i
(
∂f(φ)
∂φ
)T
/∂ΨL −
√
2 i
(
∂f(φ)
∂φ
)†
/∂ΨR
(D.50)
For the rst two terms we alulate:
∂µ(Dνφ)
T = ∂µ∂νφ
T − ig ~T T ~Aν∂µφT − ig ~T T (∂µ ~Aν)φT
∂µ(Dνφ)
† = ∂µ∂νφ† + ig ~T ~Aν∂µφ† + ig ~T (∂µ ~Aν)φ†
This is split up into a symmetri and an antisymmetri part; note that the rst term,
whih only ontains partial derivatives, has no antisymmetri ontribution. The sym-
metrization and antisymmetrization respetively an be transferred to the gamma ma-
tries; using the Dira algebra, the rst two terms of the urrent's divergene read:
−
√
2 (∂µDµφ)
T
ΨR −
√
2 (∂µDµφ)
†
ΨL +
ig√
2
[γν , γµ] ~T T ~Aν∂µφ
T
− ig√
2
[γν , γµ] ~T ~Aν∂µφ
† +
ig
2
√
2
[γν, γµ] ~T T (∂µ ~Aν − ∂ν ~Aµ)φT
− ig
2
√
2
[γν, γµ] ~T (∂µ ~Aν − ∂ν ~Aµ)φ†
(D.51)
In the rst two terms of (D.51) we omplete the squares of the ovariant derivatives,
insert the equations of motion (D.41) and (D.42) for the salar eld and get
I =+ 2g
(
~λ · ~T TΨL
)
ΨR −
√
2gφT ~T T · ~DΨR −
√
2F †
(
∂2f(φ)
∂φ2
)†
ΨR
+ 2g
(
ΨL ~T · ~λ
)
ΨL −
√
2gφ† ~T · ~DΨL −
√
2FT
(
∂2f(φ)
∂φ2
)
ΨL
−
√
2 ig ~T T ~Aµ(Dµφ)
TΨR +
√
2 ig ~T ~Aµ(Dµφ)
†ΨL
+
ig√
2
[γν , γµ] ~T T ~Aν∂µφ
TΨR − ig√
2
[γν , γµ] ~T ~Aν∂µφ
†ΨL
+
ig
2
√
2
[γν, γµ] ~T T (∂µ ~Aν − ∂ν ~Aµ)φTΨR − ig
2
√
2
[γν , γµ] ~T (∂µ ~Aν − ∂ν ~Aµ)φ†ΨL
(D.52)
Here we already used the vanishing of (ΨLΨR)ΨR and (ΨRΨL)ΨL as third powers of
a Grassmann odd spinor. In the ase of a general (nonrenormalizable) superpotential
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with more than three matter superelds, this ontribution vanishes due to the Shouten
identity.
For all terms in (D.50) ontaining derivatives of the matter fermions (i.e. the third
and fourth and the two rightmost), we insert the equations of motion for the fermions
(D.43) and (D.44), in whih we must bring the gauge eld term from the ovariant
derivative to the right hand side. Furthermore we replae the derivatives of the super-
potential with respet to the salar elds by the equations of motion for the auxiliary
elds (D.47) and (D.48). This results in:
+
√
2 igγν(Dνφ)
T ~T T /~AΨR + 2igγ
ν(Dνφ)
Tφ† ~T · ~λL +
√
2 iγν(Dνφ)
T
(
∂2f(φ)
∂φ2
)
ΨL
−
√
2 igγν(Dνφ)
† ~T /~AΨL + 2igγν(Dνφ)† ~TφT · ~λR +
√
2 iγν(Dνφ)
†
(
∂2f(φ)
∂φ2
)†
ΨR
−
√
2gF † ~T /~AΨL +
√
2gF † ~TφT · ~λR +
√
2F †
(
∂2f(φ)
∂φ2
)†
ΨR
+
√
2gFT ~T T /~AΨR +
√
2gFTφ† ~T · ~λL +
√
2FT
(
∂2f(φ)
∂φ2
)
ΨL
(D.53)
The two terms −√2 i (∂2f(φ)/∂φ2)T (/∂φ)ΨL and −√2 i (∂2f(φ)/∂φ2)† (/∂φ†)ΨR, i.e.
the terms in the fourth line of (D.50), anel the partial derivatives of the salar elds
from the ovariant ones in (D.53) so that only the gauge eld terms remain. We yield
as a seond ontribution to the urrent's divergene:
II =+
√
2 igγν(Dνφ)
T ~T T /~AΨR + 2igγ
ν(Dνφ)
Tφ† ~T · ~λL +
√
2g /~A~T TφT
(
∂2f(φ)
∂φ2
)
ΨL
−
√
2 igγν(Dνφ)
† ~T /~AΨL + 2igγν(Dνφ)† ~TφT · ~λR −
√
2g /~A~Tφ†
(
∂2f(φ)
∂φ2
)†
ΨR
−
√
2gF † ~T /~AΨL +
√
2gF † ~TφT · ~λR +
√
2F †
(
∂2f(φ)
∂φ2
)†
ΨR
+
√
2gFT ~T T /~AΨR +
√
2gFTφ† ~T · ~λL +
√
2FT
(
∂2f(φ)
∂φ2
)
ΨL (D.54)
For the fth, seventh and tenth term in (D.50) we simply have to insert the gaugino
equation of motion (D.45). Again we must transfer the gauge eld term to the right
hand side, though it anels in ombination with the FayetIliopoulos onstant due to
the ondition (9.7). This immediately gives a third ontribution to the divergene:
III =−
√
2gζaφ†T aΨL −
√
2gζaT aφTΨR + ig
2fabc
(
φ†T aφ
)
/Abλc
−
√
2g2
(
φ†T aφ
)
φ†T aΨL −
√
2g2
(
φ†T aφ
)
φTT aΨR +
g
2
γαγβγ5F aαβf
a
bc /A
bλc
+
ig√
2
γαγβγ5F aαβφ
†T aΨL +
ig√
2
γαγβγ5F aαβφ
TT aΨR
(D.55)
At rst, we leave the eighth and ninth term from the divergene of the urrent
unhanged:
IV =− ig(/∂φ†)~Tφ · ~λ− igφ† ~T (/∂φ) · ~λ (D.56)
D.3. PROOF OF SYM CURRENT CONSERVATION 151
For further manipulations on the last remaining term with the derivative of the eld
strength tensor for the gauge eld we use again the gamma matrix identity (D.28). This
happens in the seond step of the following alulation:
1
2
γαγβγµγ5
(
∂µF
a
αβ
)
λa =
1
4
[
γα, γβ
]
γµγ5
(
∂µF
a
αβ
)
λa
=
1
2
γαγ5
(
∂βF aαβ
)
λa − 1
2
γβγ5
(
∂αF aαβ
)
λa
− i
2
ǫαβµσγσ
(
∂µF
a
αβ
)
λa
= γαγ5
(
∂βF aαβ
)
λa − i
2
ǫαβµσγσ
(
∂µF
a
αβ
)
λa
The insertion of the gauge eld's equation of motion in the form (D.49) for the rst
term yields a fth ontribution to the divergene of the urrent:
V = − gγαγ5fabcF cαρλaAρb + igγαγ5φ†T a(Dαφ)λa − igγαγ5(Dαφ)†T aφλa
+
g
2
(
ΨLγαT
aΨL
)
γαγ5λa − g
2
(
ΨRγαT
aΨR
)
γαγ5λa +
ig
2
(
λbfabcγαλ
c
)
γαγ5λa
− i
2
ǫσαβµγσ
(
∂µF
a
αβ
)
λa
(D.57)
As a next step we use the equation of motion for the auxiliary eld Da, (D.46), to
see that the seond and fth term of (D.52) anel the rst, the seond, the fourth and
the fth term from (D.55).
With the help of relation (D.26) and the disussion above this equation, we an set
the term with three gauginos, the penultimate in (D.57), equal to zero.
Now we onsider the ontributions with two matter fermions and one gaugino. These
are the rst and fourth term in (D.52) as well as the fourth and fth from (D.57). By
the Fierz identity these four terms add up to zero in the same manner as disussed
below (D.16).
We may rewrite the last term of (D.57) as follows
− i
2
ǫαβµσγσ
(
∂µF
a
αβ
)
λa = +
ig
2
ǫαβµσγσf
a
bcA
b
µF
c
αβλ
a, (D.58)
as the antisymmetrized ovariant derivative of the eld strength tensor vanishes due
to the Bianhi identity. We manipulate the sixth term from (D.55) with help of the
identity (D.28):
−g
4
[
γα, γβ
]
γµγ5F aαβf
a
bcA
b
µλ
c = gγβγ5F aαβf
a
bcA
α
b λ
c +
ig
2
γσǫ
αβµσF aαβf
a
bcA
b
µλ
c
It is obvious that this anels the term in the last equation as well as the rst term of
(D.57).
It is also lear that the sum of the third and sixth term out of (D.52) and the ninth
and last one from (D.54) is zero.
To rewrite the third and sixth term in (D.54) we remember that the superpotential in
an SYM theory must be a gauge invariant funtion of the elds. Hene it is onstrained
by the ondition (
∂f(φ)
∂φ
)
T aφ = 0 (D.59)
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Dierentiating with respet to φ and using the equation of motion for F yields the
relation (similarly for φ†):(
∂2f(φ)
∂φ2
)
T aφ = −
(
∂f(φ)
∂φ
)
T a = F †T a (D.60)
(
∂2f(φ)
∂φ2
)†
T aφ† = −
(
∂f(φ)
∂φ
)†
T a = FT a (D.61)
Now we see that these two terms anel against the seventh and tenth of (D.54).
By (D.59) the eighth and penultimate term out of (D.54) vanish, too.
We want to inspet the terms ontaining derivatives of the salar elds now. These
are the rst, seond, fourth and fth term from (D.54), the two remaining ones out
of (D.57)  the seond and the third  as well as the seventh up to the tenth term of
(D.52). Consider rst all of these terms ontaining gauginos. We alulate:
2igγν(Dνφ)
Tφ† ~T · ~λL − igφ† ~T (/∂φT ) · ~λ+ igγνγ5φ† ~T (Dνφ)T~λ
= 2ig(/∂φT )φ† ~T · ~λL + 2g2γνφ†T bT aAbνφTλaL + ig(/∂φT )φ† ~T · γ5~λ
+ g2γνφ†T bT aAbνφ
T γ5λa − igφ† ~T (/∂φT ) · ~λ
= g2γνφ†T aT bAbνφ
Tλa
The underlined terms with the spaetime derivatives all vanish, solely the gauge eld
parts are left. An analogous alulation works for the omplex onjugated salar elds:
2igγν(Dνφ)
† ~TφT · ~λR − ig(/∂φ†)~TφT · ~λ− igγνγ5(Dνφ)† ~TφT~λ
= − g2γνφ†T bT aφTAbνλa
Summing up the last two resulting expressions yields
g2γνφ†
[
T a, T b
]
φTAbνλ
a = ig2γνφ†fabcT cφTAbνλ
a
(D.62)
and hene anel the third term of (D.55).
The rst and fourth term of (D.54) an be rewritten with the help of the Dira
algebra:
√
2 igγνγµ(Dνφ)
T ~T T ~AµΨR =
√
2 ig
(1
2
{γν , γµ}+ 1
2
[γν , γµ]
)
(Dνφ)
T ~T T ~AµΨR
= +
√
2 ig ~T T ~Aµ(Dµφ)
TΨR
+
ig√
2
[γν , γµ] (∂νφ)
T ~T T ~AµΨR
+
g2√
2
[γν , γµ]AaνT
bT aAbµφ
TΨR
Of the newly established terms the rst anels the seventh term in (D.52) while the
seond one eliminates the ninth from (D.52). For the omplex onjugated elds we get
analogously
−
√
2 igγνγµ(Dνφ)
† ~T ~AµΨL = −
√
2 ig ~T ~Aµ(Dµφ)
†ΨL
− ig√
2
[γν , γµ] (∂νφ
†)~T ~AµΨL
+
g2√
2
φ† [γν , γµ]AaνT
aT bAbµΨL
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A similar anellation takes plae here: the rst term anels the eighth of (D.52), the
seond one the tenth out of (D.52). The third terms from the last and the penultimate
identity are further manipulated with taking attention to their antisymmetrization:
g2√
2
[γν , γµ]AaνA
b
µT
bT aφTΨR =
g2
2
√
2
[γν , γµ]
(
AaνA
b
µ −AaµAbν
)
T bT aφTΨR
=
g2
2
√
2
[γν , γµ]AaνA
b
µ
[
T b, T a
]
φTΨR
=
ig2
2
√
2
[γν , γµ]AaνA
b
µfbacT
cφTΨR
(D.63)
Analogously:
g2√
2
φ† [γν , γµ]AaνT
aT bAbµΨL =
ig2
2
√
2
[γν , γµ]φ†AaνA
b
µfabcT
cΨL (D.64)
Together with the last two terms from (D.52) this yields
+
ig
2
√
2
[γν , γµ]T aF aµνφ
TΨR − ig
2
√
2
[γν , γµ]T aF aµνφ
†ΨL , (D.65)
whih anels the last remaining terms, the two rightmost ones in (D.55), so after all
we get the desired result
∂µJ µ = 0. (D.66)
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Appendix E
Summary of models
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E.1 The Wess-Zumino model
Ation:
SWZ =
∫
d4x
{
1
2
[
Φˆ†Φˆ
]
D
+
[
µΦˆ +
m
2
Φˆ2 +
λ
3!
Φˆ3+ h..
]
F
}
(E.1)
As is shown in [1℄, the ontribution to the superpotential linear in the superelds an
always be eliminated by a redenition of the superelds. So in the sequel we set µ ≡ 0.
The quadrati and ubi part of the superpotential yield:
m
2
[
Φˆ2+ h..
]
F
= mφF +mφ∗F ∗ − m
2
(
ψψ + ψ¯ψ¯
)
, (E.2)
λ
3!
[
Φˆ3+ h..
]
F
=
λ
2
φ2F +
λ
2
(φ∗)2F ∗ − λ
2
φψψ − λ
2
φ∗ψ¯ψ¯ (E.3)
The kineti part is:
1
2
[
Φˆ†Φˆ
]
D
= (∂µφ)
∗
(∂µφ) +
i
2
ψ¯σ¯µ∂µψ +
i
2
ψσµ∂µψ¯ + |F |2 (E.4)
The equation of motion for the auxiliary eld is:
F ∗ = −mφ− λ
2
φ2 . (E.5)
After introduing the bispinor notation
Ψ =
(
ψ
ψ¯
)
(E.6)
for the fermioni degrees of freedom (the Yukawa oupling terms will soon be brought
into bispinor form) we get the Lagrangean density
LWZ = (∂µφ)∗ (∂µφ) + 1
2
Ψ (i/∂ −m)Ψ− λ
2
φψψ − λ
2
φ∗ψ¯ψ¯ − |F |2 (E.7)
The salar part of the superpotential reads
|F |2 = m2 |φ|2 + λ
2
4
(
|φ|2
)2
+
1
2
mλ |φ|2 (φ+ φ∗) (E.8)
After splitting the omplex salar eld into real and imaginary part (f. hapter 2),
φ =
1√
2
(A+ iB) ,
it is easier to write the Yukawa interations in the bispinor language.
φψψ + φ∗ψ¯ψ¯ =
1
2
√
2
Ψ
(
1− γ5)Ψ (A+ iB) + 1
2
√
2
Ψ
(
1 + γ5
)
Ψ (A− iB)
=
1√
2
ΨΨA− i√
2
Ψγ5ΨB .
(E.9)
Finally, the whole Lagrangean density for the Wess-Zumino model reads:
LWZ = 1
2
(
∂µA∂
µA−m2A2)+ 1
2
(
∂µB∂
µB −m2B2)+ 1
2
Ψ (i/∂ −m)Ψ
− λ
2
√
2
ΨΨA+
iλ
2
√
2
Ψγ5ΨB − λ
2
16
A4 − λ
2
16
B4 − λ
2
8
A2B2
− 1
2
√
2
mλA3 − 1
2
√
2
mλAB2
(E.10)
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We also state the SUSY transformations for the omponent elds:
[iξQ,A] =
(
ξΨ
)
(E.11a)
[iξQ,B] =
(
iξγ5Ψ
)
(E.11b)
[iξQ,Ψ] = − (i/∂ +m) (A+ iγ5B)ξ − λ
2
√
2
(
A2 −B2) ξ − iλ√
2
ABγ5ξ (E.11)
The verties of the WZ model:
A
A A −i 3√
2
mλ
B
B A −i 1√
2
mλ
A
A
A
A
−3
2
iλ2
B
B
B
B
−3
2
iλ2
A
A
B
B
−1
2
iλ2
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Ψ
A
Ψ
− iλ√
2
Ψ
B
Ψ
− λ√
2
· γ5
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E.2 A toy model
Ation:
S
toy
=
∫
d4x
{
1
2
[
Φˆ†1Φˆ1
]
D
+
1
2
[
Φˆ†2Φˆ2
]
D
+
[
mΦˆ1Φˆ2 + gΦˆ1Φˆ1Φˆ2+ h..
]
F
}
(E.12)
Equations of motion for the auxiliary elds:
F ∗1 = −mφ2 − 2gφ1φ2, F ∗2 = −mφ1 − gφ21 (E.13)
Lagrangean density in omponents,
L
toy
= (∂µφ
∗
1)(∂
µφ1) + (∂µφ
∗
2)(∂
µφ2) + i∂µψ¯1σ¯
µψ1
+ iψ2σ
µ∂µψ¯2 + i∂µψ¯1σ¯
µψ1 + iψ2σ
µ∂µψ¯2
− |F1|2 − |F2|2 −
(
mψ1ψ2 + gψ1ψ1φ2 + 2gψ1ψ2φ1+ h..
)
.
(E.14)
Superpotential:
|F |2 = m2|φ1|2 +m2|φ2|2 +mg|φ1|2 (φ1 + φ∗1)
+ 2mg|φ2|2 (φ1 + φ∗1) + 4g2|φ1|2|φ2|2 + g2
(|φ1|2)2 (E.15)
The struture of the salar interation terms makes the following redenitions reason-
able:
φ1 −→ 1√
2
(A+ iB)
φ∗1 −→
1√
2
(A− iB)
φ2 −→ φ
φ∗2 −→ φ∗
(E.16)
To diagonalize the mass terms of the fermions, we introdue a Dira bispinor
Ψ ≡
(
ψ1
ψ¯2
)
. (E.17)
So our Lagrangean density now looks like
L
toy
= L
kin
+ L
pot
+ L
Yukawa
, (E.18)
with
L
kin
=
1
2
[
(∂µA)(∂
µA)−m2A2
]
+
1
2
[
(∂µB)(∂
µB)−m2B2
]
+ (∂µφ
∗)(∂µφ)−m2|φ|2 +Ψ(i/∂ −m)Ψ (E.19)
L
pot
= − 1√
2
mg
(
A2 +B2
)
A− 2
√
2mg|φ|2A− 2g2|φ|2 (A2 +B2)
− g
2
4
(
A4 + 2A2B2 +B4
)
(E.20)
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L
Yukawa
=−
√
2gΨΨA+
√
2igΨγ5ΨB − gΨcPLΨφ− gΨPRΨcφ∗ (E.21)
The Feynman rules seem to be obvious, but there are some deliaies, so we write
the verties down in a graphial notation as in the Wess-Zumino model. The point that
is (in the bispinor formalism (E.14)) easily overlooked is the ruial symmetry fator
two stemming from the Weyl spinors ψ and ψ¯ appearing quadratially in the ouplings
to the salar φ, whih an be seen by applying funtional derivatives for deriving the
Feynman rules.
Feynman rules of the toy model:
A
A A
−3√2img
B
B A
−√2img
φ∗
φ A
−2√2img
A
φ
φ∗
A
−4ig2
B
φ
φ∗
B
−4ig2
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A
A
A
A
−6ig2
A
B
B
A
−2ig2
B
B
B
B
−6ig2
Ψ
A
Ψ
−√2ig
Ψ
B
Ψ
−√2gγ5
Ψ
Ψ φ
−2igPL
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φ∗
Ψ
Ψ
−2igPR
For the last two verties ompare the remark at the end of the next setion.
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E.3 The O'Raifeartaigh model
Ation:
SOR =
∫
d4x
{
1
2
3∑
i=1
[
Φˆ†i Φˆi
]
D
+
[
λΦˆ1 +mΦˆ2Φˆ3 + gΦˆ1Φˆ2Φˆ2 + h..
]
F
}
(E.22)
The equations of motion for the auxiliary elds:
F ∗1 = −λ− gφ22, (E.23)
F ∗2 = −mφ3 − 2gφ1φ2, (E.24)
F ∗3 = −mφ2. (E.25)
The kineti part produes the massless kineti terms for the elds φi, ψi, i = 1, 2, 3
and their omplex onjugates. Again the superpotential (after inserting the equations
of motion for the auxiliary elds) onsists of − |F |2 and the Yukawa ouplings. To
diagonalize the mass terms of the fermions, we introdue the Dira bispinor
Ψ =
(
ψ2
ψ¯3
)
with iψ3σ
µ∂µψ¯3 + iψ2σ
µ∂µψ¯3 −m
(
ψ2ψ3 + ψ¯2ψ¯3
)
= Ψ(i/∂ −m)Ψ. (E.26)
The spinor from the rst supereld remains massless and an be extended to a Majorana
spinor eld χ. The Lagrangean density then reads
LOR = Ψ(i/∂ −m)Ψ + i
2
χ/∂χ+
3∑
i=1
(∂µφ
∗
i ) (∂
µφi)−
3∑
i=1
|Fi|2
− 2g (ψ1ψ2φ2 + ψ¯1ψ¯2φ∗2)− g (ψ2ψ2φ1 + ψ¯2ψ¯2φ∗1)
(E.27)
In the next step we alulate the superpotential:
W = |F1|2 + |F2|2 + |F3|2
=
∣∣λ+ gφ22∣∣2 + |mφ3 + 2gφ1φ2|2 +m2 |φ2|2
= λ2 + λg
(
φ22 + (φ
∗
2)
2
)
+ g2
(
|φ2|2
)2
+m2 |φ3|2 + 2gm (φ1φ2φ∗3 + φ∗1φ∗2φ3)
+ 4g2 |φ1|2 |φ2|2 +m2 |φ2|2
(E.28)
As for the WZ model the omplex salar eld φ2 is split up into real and imaginary
part , φ2 =
1√
2
(A+ iB), whih hanges its kineti parts to
(∂µφ
∗
2)(∂
µφ2) =
1
2
(∂µA)(∂
µA) +
1
2
(∂µB)(∂
µB). (E.29)
The terms quadrati in the salar elds in the superpotential yield:
λg
(
φ22 + (φ
∗
2)
2
)
+m2 |φ3|2 +m2 |φ2|2
=
1
2
(
m2 + 2λg
)
A2 +
1
2
(
m2 − 2λg)B2 +m2 |φ3|2 (E.30)
Altogether, the salar part onsists of a omplex salar eld with zero mass, φ1, a
omplex salar eld with mass m, φ3, as well as two real (salar and pseudosalar)
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elds,A and B, with masses
√
m2 + 2λg and
√
m2 − 2λg. In the following we rename
the eld φ3 by φ and substitute the notation Φ for the massive eld φ3. The nal form
of the kineti part then looks like:
L
kin
= Ψ(i/∂ −m)Ψ + i
2
χ/∂χ+
1
2
[
(∂µA)(∂
µA)− (m2 + 2λg)A2]
+
1
2
[
(∂µB)(∂
µB)− (m2 − 2λg)B2]+ (∂µφ∗) (∂µφ)
+ (∂µΦ
∗) (∂µΦ)−m2 |Φ|2 (E.31)
The remaining part of the salar potential rewritten with the physial elds:
L
salar
= −λ2 − g
2
4
(
A4 + 2A2B2 +B4
)− 2g2 |φ|2 (A2 +B2)
−
√
2gmA (φΦ∗ + φ∗Φ)−
√
2igmB (φΦ∗ − φ∗Φ) (E.32)
The term −λ2 provides a ontribution to the osmologial onstant.
Finally we have to transform the Yukawa ouplings; again we meet the ompliation
of verties with fermions whose arrows both point to the vertex or both away from it.
This, as mentioned for our toy model, an be handled within the general formalism of
[19℄. The Yukawa terms have the struture:
L
Yukawa
= − g√
2
A
(
χ(1− γ5)Ψ + Ψ(1 + γ5)χ
)
− ig√
2
B
(
χ(1− γ5)Ψ−Ψ(1 + γ5)χ
)
− g
2
Ψc(1 − γ5)Ψφ− g
2
Ψ(1 + γ5)Ψcφ∗ (E.33)
Partile Mass Desription
A
√
m2 + 2λg neutral salar
B
√
m2 − 2λg neutral pseudosalar
χ 0 neutral fermion (Goldstino)
Φ(∗) m harged salar
Ψ,Ψ m harged fermion
φ(∗) 0 harged salar
Table E.1: Physial partile ontent of the OR model.
For further disussion of the OR model in the text we write down the equations of
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motion and the SUSY transformations of all elds:
(i/∂ −m)Ψ =
√
2g (A− iB)PRχ+ 2gφ∗PRΨc
i/∂χ =
√
2g (A+ iB)PLΨ+
√
2g (A− iB)Ψc(
+m2 + 2λg
)
A = −
√
2g (χPLΨ)−
√
2g
(
ΨPRχ
)
− g2A3 − g2AB2 − 4g2A |φ|2 −
√
2gm (φΦ∗ + φ∗Φ)(
+m2 − 2λg)B = −√2ig (χPLΨ) +√2ig (ΨPRχ)
− g2B3 − g2A2B − 4g2B |φ|2 −
√
2igm (φΦ∗ − φ∗Φ)
φ = −
√
2gm (A− iB)Φ− g (ΨPRΨc)− 2g2φ (A2 +B2)(
+m2
)
Φ = −
√
2gm (A+ iB)φ
(E.34)
The missing equations an be obtained by omplex or by harge onjugation. For the
fermioni elds the SUSY transformation laws are
δξχ = −
√
2i/∂ (φPR + φ∗PL) ξ −
√
2λξ − g√
2
(
A2 −B2) ξ −√2igABγ5ξ (E.35)
δξΨ = − (i/∂ +m) (A+ iB)PRξ −
√
2 (i/∂ +m)Φ∗PLξ − 2gφ∗ (A− iB)PLξ (E.36)
δξΨ
c = − (i/∂ +m) (A− iB)PLξ −
√
2 (i/∂ +m)ΦPRξ − 2gφ (A+ iB)PRξ, (E.37)
while for the salar elds we have
δξA =
(
ξPLΨ
)
+
(
ξPRΨc
)
(E.38)
δξB = − i
(
ξPLΨ
)
+ i
(
ξPRΨc
)
(E.39)
δξφ =
√
2
(
ξPLχ
)
(E.40)
δξφ
∗ =
√
2
(
ξPRχ
)
(E.41)
δξΦ =
√
2
(
ξPLΨc
)
(E.42)
δξΦ
∗ =
√
2
(
ξPRΨ
)
. (E.43)
We denote the Feynman rules for the OR model graphially:
φ(φ∗)
A Φ∗(Φ)
−√2igm
φ(φ∗)
B Φ∗(Φ)
±√2gm
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A
A
A
A
−6ig2
B
B
B
B
−6ig2
A
A
B
B
−2ig2
A
A
φ
φ∗
−4ig2
B
B
φ
φ∗
−4ig2
Ψ
A
χ
−√2igPL
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χ
A
Ψ
−√2igPR
Ψ
B
χ
+
√
2gPL
χ
B
Ψ
−√2gPR
Ψ
Ψ φ
−2igPL
φ∗
Ψ
Ψ
−2igPR
Remark:
Again there is the phenomenon known from the disussion of the toy model in
the foregoing setion, whih always appears in supersymmetri models with mixings
between the fermioni omponents of more than one supereld, alled the problem of
lashing arrows. The examples in the MSSM where harged gauginos and Higgsinos
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are ombined into the harginos are more prominent. Of ourse, in the last two verties
we an reverse the arrow of one of the Dira fermions, and label the lines by the harge
onjugated eld Ψc instead of Ψ. For the struture of the bispinor produts to be intat
this would indeed be the better solution. We again have a symmetry fator two in
the last two verties as in the toy model, whih is perhaps most learly seen in the
formulation with two-omponent spinors, but an also be understood when looking at
the two fators of Ψ or Ψ appearing in the vertex  here this desription is better suited
than the one with the harge onjugated eld.
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E.4 An Abelian toy model
Ation:
S =
∫
d4x
{
1
2
[
Φˆ† exp(−V)Φˆ
]
D
+
1
2
Re
[
WRWL
]
F
}
(E.44)
Equations of motion for the auxiliary elds:
F ≡ 0 (E.45a)
D = − e|φ|2 (E.45b)
By introduing the bispinor notation for matter fermion and gaugino
1
Ψ =
(
ψ
ψ¯
)
, λ = iγ5
(
λ
λ¯
)
, (E.46)
splitting the omplex salar eld in real and imaginary part A and B as well as inte-
grating out the auxiliary elds D and F (the latter vanishing identially), we nd the
Lagrangean density in omponents as well as the Feynman rules:
L = 1
2
(∂µA)(∂
µA) +
1
2
(∂µB)(∂
µB) +
i
2
Ψ/∂Ψ− 1
4
FµνF
µν +
i
2
λ/∂λ
+ eGµ (B∂
µA− A∂µB) + e
2
2
GµG
µ
(
A2 +B2
)− e (Ψλ)A
− ie (Ψγ5λ)B − e
2
Ψ/Gγ5Ψ− e
2
8
(
A4 +B4 + 2A2B2
)
(E.47)
Following the derivation from the foregoing appendix we an immediately write down
the urrent:
J µ = −(/∂A)γµΨ− i(/∂B)γµγ5Ψ+ ieA/Gγµγ5Ψ
− eB /GγµΨ+ 1
2
[γα, γβ]γµγ5(∂αGβ)λ− ie
2
(
A2 + B2
)
γµλ (E.48)
Equations of motion for all elds:
A = −2eGµ∂µB − eB∂µGµ + e2GµGµA− eΨλ− e
2
2
(
A3 +AB2
)
(E.49a)
B = 2eGµ∂
µA+ eA∂µG
µ + e2GµG
µB − ieΨγ5λ− e
2
2
(
B3 +BA2
)
(E.49b)
i/∂Ψ = eAλ+ ieBγ5λ+ e /Gγ5Ψ (E.49)
i/∂λ = eAΨ+ ieBγ5Ψ (E.49d)
∂νFνµ = e (A∂µB −B∂µA)− e2Gµ
(
A2 +B2
)
+
e
2
Ψγµγ
5Ψ (E.49e)
The harge generates the SUSY transformations of the elds:
[iξQ,A] =
(
ξΨ
)
(E.50a)
[iξQ,B] =
(
iξγ5Ψ
)
(E.50b)
1
The strange prefator of iγ5 is due to the onventions originally introdued by Wess and Bagger
to dene two-omponent gaugino elds, f. the appendix of [2℄
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[iξQ,Ψ] = −i(/∂ − ie /Gγ5)(A+ iγ5B)ξ (E.50)
[iξQ, λ] = − i
2
Fαβγ
αγβγ5ξ − e
2
(
A2 +B2
)
ξ (E.50d)
[iξQ,Gµ] = −
(
ξγµγ
5λ
)
(E.50e)
The gauge transformations with transformation parameter θ = θ(x) are (note that this
model has a hiral harge, the gauge boson ouples to the axial vetor of the fermion,
and salar and pseudosalar are interhanged by gauge transformations):
δA = − eθB (E.51a)
δB = + eθA (E.51b)
δΨ = − ieγ5θΨ (E.51)
δGµ = ∂µθ (E.51d)
δλ = 0 (E.51e)
The ovariane of the equations of motions is important for the Green funtions
to have the same poles. We just show one example:
[iξQ,A] = 2ie
(
ξ(/∂B)γ5λ
)
+ 2e
(
ξγ5Gµ∂
µΨ
)− ie (ξBγ5/∂λ)
+ e(∂µG
µ)
(
ξγ5Ψ
)− 2ie2A (ξ /Gγ5λ)+ ie2GµGµ (ξΨ)
+ eξ
((
/∂ − ie /Gγ5) (A− iγ5B))λ+ e2
2
(
ξ[γα, γβ]γ5(∂αGβ)Ψ
)
+
ie2
2
(
A2 +B2
) (
ξΨ
)− 3ie2
2
A2
(
ξΨ
)− ie2
2
B2
(
ξΨ
)
+ e2AB
(
ξγ5Ψ
)
= ie
(
ξ(/∂B)γ5λ
)
+ 2e
(
ξγ5Gµ∂
µΨ
)− ie (ξBγ5/∂λ)
+ e(∂µG
µ)
(
ξγ5Ψ
)− ie2A (ξ /Gγ5λ)+ ie2GµGµ (ξΨ)
+ e
(
ξ(/∂A)λ
)
+ e2B
(
ξ /Gλ
)
+
e2
2
(
ξ[γα, γβ]γ5(∂αGβ)Ψ
)
− ie2A2 (ξΨ)+ e2AB (ξγ5Ψ) (E.52)
 [iξQ,A] = i
(
ξ/∂/∂Ψ
)
= eA
(
ξ/∂λ
)
+ e
(
ξ(/∂A)λ
) − ieB (ξγ5/∂λ)+ ie (ξ(/∂B)γ5λ)
+ e
(
ξ(/∂ /G)γ5Ψ
)
+ e
(
ξγµ /Gγ5∂µΨ
)
= − ie2A2 (ξΨ)+ e2AB (ξγ5Ψ)+ e (ξ(/∂A)λ)− ie (ξBγ5/∂λ)
+ ie
(
ξ(/∂B)γ5λ
)
+
e
2
(
ξ[γα, γβ]γ5(∂αGβ)Ψ
)
+ e(∂µG
µ)
(
ξγ5Ψ
)
+ 2e
(
ξγ5Gµ∂
µΨ
)− ie2A (ξ /Gγ5λ)+ e2B (ξ /Gλ)
+ ie2(GµG
µ)
(
ξΨ
)
(E.53)
=⇒ [ξQ,A] =  [ξQ,A] (E.54)
To lear our notation with respet to the propagators  espeially in omparison with
the ghost propagators in the third part of the text  we write down the propagators for
the partiles of the model:
A(−p) A(p) = i
p2 + iǫ
(E.55a)
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B(−p) B(p) = i
p2 + iǫ
(E.55b)
Gµ(−p) Gν(p) = −iηµν
p2 + iǫ
(E.55)
Ψ(−p) Ψ(p) = i/p
p2 + iǫ
(E.55d)
λ(−p) λ(p) = i/p
p2 + iǫ
(E.55e)
Verties of our Abelian toy model (all momenta inoming):
Gµ B(pB)
A(pA)
e(pA − pB)µ
Gµ Ψ
Ψ
ieγ5γµ
A λ
Ψ
− ie
B λ
Ψ
eγ5
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A
A
A
A
− 3ie2
B
B
B
B
− 3ie2
A
A
B
B
− ie2
A
A
Gµ
Gν
2ie2ηµν
B
B
Gµ
Gν
2ie2ηµν
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E.5 Supersymmetri YangMills theory (SYM)
The Lagrangean density without gauge xing is:
L = (Dµφ+)†(Dµφ+) + (Dµφ−)†(Dµφ−) + i
2
ψ+,i( /Dψ+)i +
i
2
ψ−,i( /Dψ−)i
+ |F+|2 + |F−|2 −
√
2g(λaφ†+,iT
a
ijPLψ+,j)−
√
2g(ψ+,iT
a
ijφ+,jPRλa)
−
√
2g(λaφ†−,i(−T a ∗)ijPLψ−,j)−
√
2g(ψ−,i(−T a ∗)ijφ−,jPRλa)
+ g(φ†+,iT
a
ijφ+,j)D
a + g(φ†−,i(−T a ∗)ijφ−,j)Da −
1
4
F aµνF
µν
a
+
i
2
λa( /Dλ)a +
1
2
(DaDa) +mφ+,iF−,i +mφ
†
+,iF
†
+,i
+mφ−,iF−,i +mφ
†
−,iF
†
−,i −m
(
ψ+ψ− + ψ¯+ψ¯−
)
(E.56)
The generators of the gauge group fulll the Lie algebra
[T a, T b] = ifabcT
c, [(−T a)∗, (−T b)∗] = ifabc(−T c)∗ (E.57)
For the auxiliary elds the equations of motion are
F+,i = −mφ†−,i F †+,i = −mφ−,i (E.58a)
F−,i = −mφ†+,i F †−,i = −mφ+,i (E.58b)
Da = −g(φ†+T aφ+) + g(φ†−T a ∗φ−) (E.58)
We diagonalize the mass terms of the fermions by introduing the bispinors
Ψi =
(
ψ+,i
ψ¯i,−
)
, Ψi =
(
ψ−,i, ψ¯+,i
)
. (E.59)
By the redenitions of the fermion elds and after integrating out all auxiliary elds we
get the Lagrangean density (with gauge-xing and Faddeev-Popov terms)
L = (Dµφ+)†(Dµφ+)−m2|φ+|2 + (Dµφ−)†(Dµφ−)−m2|φ−|2
+Ψ(i /D −m)Ψ + i
2
λa( /Dλ)a − 1
4
F aµνF
µν
a −
√
2 igφ†+,iT
a
ij(λ
aPLΨj)
−
√
2 igφ−,iT aij(λaPRΨj) +
√
2 ig(ΨiPRλa)T aijφ+,j
+
√
2 ig(ΨiPLλa)T aijφ†−,j −
g2
2
(
φ†+,iT
a
ijφ+,j
)(
φ†+,kT
a
klφ+,l
)
− g
2
2
(
φ−,iT aijφ
†
−,j
)(
φ−,kT aklφ
†
−,l
)
+ g2
(
φ†+,iT
a
ijφ+,j
)(
φ−,kT aklφ
†
−,l
)
− 1
2ξ
(∂µAaµ)(∂
νAaν) + ic
a∂µ(D
µc)a − ica(ǫ/∂λa) + iξ
2
ca(ǫγµǫ)∂µc
a
(E.60)
The propagators for the partiles of the model are
φ+,i(−p) φ†+,j(p) =
iδij
p2 −m2 + iǫ (E.61a)
φ†−,i(−p) φ−,j(p) =
iδij
p2 −m2 + iǫ (E.61b)
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Aaµ(−p) Abν(p) =
−iδab
p2 + iǫ
(
ηµν − (1 − ξ)pµpν
p2
)
ξ→1−→ −iηµνδab
p2 + iǫ
(E.61)
Ψi(−p) Ψj(p) =
iδij(/p+m)
p2 −m2 + iǫ (E.61d)
λa(−p) λb(p) = iδab/p
p2 + iǫ
(E.61e)
ca(−p) cb(p) = −δab
p2 + iǫ
(E.61f)
The 3-verties are (all momenta inoming):
Aaµ(p1)
Abν(p2)
Acρ(p3)
= gfabc[ηµν (p1 − p2)ρ + ηνρ (p2 − p3)µ
+ηρµ (p3 − p1)ν ]
(E.62a)
Aaµ(p1)
φ+,j(p3)
φ†+,i(p2)
= ig (p3 − p2)µ T aij (E.62b)
Aaµ(p1)
φ†−,j(p3)
φ−,i(p2)
= ig (p3 − p2)µ T aij (E.62)
Aaµ(p1)
Ψj(p3)
Ψi(p2)
= igγµT
a
ij (E.62d)
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Aaµ(p1)
λc(p3)
λb(p2)
= gγµfabc (E.62e)
φ†+,i(p1)
Ψj(p3)
λa(p2)
=
g√
2
(
1− γ5)T aij (E.62f)
φ−,i(p1)
Ψj(p3)
λa(p2)
=
g√
2
(
1 + γ5
)
T aij (E.62g)
φ+,j(p1)
λa(p3)
Ψi(p2)
= − g√
2
(
1 + γ5
)
T aij (E.62h)
φ†−,j(p1)
λa(p3)
Ψi(p2)
= − g√
2
(
1− γ5)T aij (E.62i)
Abµ(p1)
cc(p3)
ca(p2)
= −igfabcp2,µ (E.62j)
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ca(−p)
λb(p)
ǫ
= −i/pδab (E.62k)
We have the following 4-verties
Aaµ(p1)
Abν(p2)
Acρ(p3)
Adσ(p4)
= −ig2[fabefcde (ηµρηνσ − ηµσηνρ)
+facefbde (ηµνηρσ − ηµσηνρ)
+fadefbce (ηµνηρσ − ηµρηνσ)]
(E.63a)
φ+,i(p1)
φ†+,j(p2)
Aaµ(p3)
Abν(p4)
= ig2ηµν
{
T a, T b
}
ij
(E.63b)
φ†−,i(p1)
φ−,j(p2)
Aaµ(p3)
Abν(p4)
= ig2ηµν
{
T a, T b
}
ij
(E.63)
φ+,j(p1)
φ†+,i(p2)
φ+,l(p3)
φ†+,k(p4)
= − ig
2
4
(
δilδjk − 1
N
δijδkl
)
(E.63d)
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φ†−,j(p1)
φ−,i(p2)
φ†−,l(p3)
φ−,k(p4)
= − ig
2
4
(
δilδjk − 1
N
δijδkl
)
(E.63e)
φ+,j(p1)
φ†+,i(p2)
φ†−,l(p3)
φ−,k(p4)
=
ig2
2
(
δilδjk − 1
N
δijδkl
)
(E.63f)
ǫ
ca(−p)
ǫ
cb(p)
= ξ/pδab (E.63g)
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